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Polymerization of Acrylics* 


George E. Ham 


The Chemstrand Corporation, Decatur, Alabama 


Abstract 


The significant fiber properties of the acrylics, such as high tenacity, solvent-resistance, heat- 
resistance, and spinnability from solution, are correlated with chemical structure. Observations 
on second-order transition temperature, theoretical melting point, heat of fusion, entropy of 
fusion, and cohesive energy density are made. The effect of molecular weight on general fiber 
properties is considered. 

The copolymerization of acrylonitrile with other monomers is treated in some detail, with 
emphasis on reactivity ratios in copolymerization and relationship to monomer structure. 
The effect of copolymerization on fiber properties is also discussed. 

Free radical, carbonium, and carbanionic catalysis in acrylonitrile polymerization are compared 
with regard to polymerization method and copolymer formation. The role of azo and per- 
sulfate catalysts in aqueous polymerization is discussed. Aqueous, nonaqueous, mass, solution, 
and solvent-nonsolvent polymerizations of acrylonitrile are treated. 

Dyeability of acrylonitrile compositions with acid dyes is correlated with basic comonomer 
structure. The copolymerization characteristics of acrylonitrile with certain basic monomers 
are discussed with respect to influence of basicity, catalysis, and structure. 

Alternative means of producing basic acrylic compositions are treated. _Aminated methyl 
vinyl ketone copolymers, allyl glycidyl ether copolymers, and methallyl chloroacetate copolymers 
are discussed. 

Some observations are made on future trends in the study of acrylonitrile polymerization. 
Hydrophilic acrylic compositions and plasticization for spinning purposes are considered. 


Part I: The Chemistry of Polymerization of the Acrylics 


In the preparation of acrylic fibers, both polymeri- dyeability. Spinning and processing variables must 
zation and spinning are important in determining operate within these limitations. 

ultimate textile properties. Though this paper deals 
mainly with polymerization variables, there is no in- 
tention of detracting from the corresponding im- 
portance of spinning variables. Once the polymer 
composition is set, much can be done to alter the 
properties of acrylic fibers through changes in spin- 
ning. The interrelation of polymerization and spin- 
ning should be pointed out, however. Polymer com- 
position and molecular weight set limitations on 
ultimate fiber tenacity, elongation, heat stability, and 


Polymerization Methods 

Of the various polymerization methods proposed 
for polyacrylonitrile, the most suitable appears to be 
polymerization in aqueous solution. Acrylonitrile 
may be conveniently polymerized at temperatures 
ranging from room temperature to reflux tempera- 
ture (71°-100°C, depending on monomer concen- 
tration in aqueous solution). Polymerization in 
aqueous solution yields polymer which precipitates as 
fine granules. The density of these granules in- 

* Presented at the July, 1953, Gordon Research Conference Creases as the polymer-water ratio increases in poly- 
in New London, N. H. merization. 
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Aqueous polymerization of acrylonitrile may be 
modified by the introduction of alcohols and other 
miscible organic solvents. The operation at sub- 
freezing temperatures is facilitated, but polymer iso- 
lation and purification are complicated by the pres- 
ence of these solvents. 

True solution polymerization of acrylonitrile in 
such solvents as dimethylacetamide has been studied. 
Rapid polymerization of acrylonitrile in dimethyl- 
acetamide results when cumene hydroperoxide and 
triethanolamine are employed as a redox combination. 
Solution polymerization is not very useful, however, 
for several reasons. Acrylonitrile monomer acts as 
a nonsolvent for the polymer, so polyacrylonitrile is 
precipitated from solution unless high solvent-mono- 
mer ratios (> 7/1) are used. At such high ratios 
the molecular weight of the polyacrylonitrile formed 
is too low to form fibers. At lower solvent-monomer 
ratios there is no advantage over aqueous polymeriza- 
tion, since the polymer is precipitated in either case. 
Moreover, unreacted monomer is difficult to remove 
from the solution completely. 

True emulsion polymerization is difficult to achieve 
with acrylonitrile. The hydrophobic, yet polar, na- 
ture of polyacrylonitrile makes it difficult to disperse 
in aqueous emulsion. In general, the presence of 


> 15% comonomer in the copolymer is necessary for 


emulsion stability. In such cases, conventional emul- 
sifiers such as Aerosol OT may be employed. High 
water-polymer ratios, high emulsifier contents, and 
residual monomer aid emulsion stability. 


Catalysts Employed 


The polymerization of acrylonitrile is generally ef- 
fected by the use of free-radical generating catalysts. 
Potassium persulfate is an effective catalyst for aque- 
ous polymerization, and may be used at temperatures 
as high as the reflux temperature of acrylonitrile [6, 
12] or as low as — 20° to — 40°C. In the latter case 
the use of an antifreeze such as methanol is ad- 
visable [13]. 

It is advantageous in the polymerization of acry- 
lonitrile with persulfate catalysts to add small quanti- 
ties of reducing agents such as sodium bisulfite, sulfur 
dioxide, or triethanolamine. Such redox systems ac- 
celerate the rate of polymerization and influence the 
ultimate conversion to polymer. Some reducing 
agents, such as sulfur dioxide, improve polymer and 
fiber color and thermal stability toward discolora- 
tion. Storage of acrylonitrile is greatly affected by 
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the presence of small amounts of reducing agents. 
Whereas pure acrylonitrile is quite stable on storage 
in the absence of light, the presence of reducing 
agents may cause rapid and violent polymerization. 


Polymerization of acrylonitrile in mass may be 
regarded almost without exception as an extremely 
hazardous operation. This result is caused by several 
factors. The first factor is that polyacrylonitrile 
is insoluble in acrylonitrile monomer. Norrish [5| 
showed that other monomers, such as vinyl chloride, 
which yield insoluble polymers exhibit very rapid 
polymerization rates. Free-radical termination by 
mutual collision is retarded, and monomer is added 
with little restriction. In uncontrolled polymeriza- 
tion of acrylonitrile, a gel-like mass of polyacryloni- 
trile in monomer is first obtained. 
coefficient of this mass is very low. The temperature 
of the mass rises to 77°C, the boiling point of acry- 
lonitrile. However, the acrylonitrile cannot readily 
escape because of the lack of mobility of the mass. 
The temperature increases rapidly to 250°C and 
higher, at which point the pressure of acrylonitrile 
vapor exceeds the strength of the partly fused poly- 
acrylonitrile and an explosion results. 


The heat transfer 


An odor simi- 
lar to that of burnt hair, characteristic of thermally 
decomposed polyacrylonitrile, is also apparent. If 
polyacrylonitrile is heated alone to 500°F and above, 
an exothermic decomposition also results. In the 
case of acrylonitrile polymerization, the heat of de- 
composition is added to the heat of polymerization, 
so that the severity of the reaction is increased. 

The use of inorganic catalysts such as potassium 
persulfate in the polymerization of acrylonitrile is re- 
stricted to aqueous solution because of solubility 
characteristics. However, organic catalysts may be 
used in mass, solution, and suspension polymeriza- 
tions of acrylonitrile. The azo nitrile catalysts men- 
tioned by Hunt [15] may be used in any of these 
polymerization procedures. 

A useful catalyst of this type is Porofor N, azo-2, 
2’-diisobutyronitrile. This catalyst is not completely 
satisfactory for several reasons. Mass polymeriza- 
tions of acrylonitrile are particularly violent when 
this catalyst is used. Aqueous suspension and emul- 
sion polymerizations utilizing this catalyst suffer from 
excessive vapor-phase polymerization, resulting in ex- 
cessive scale build-up. It is possible that catalyst 
sublimation causes polymerization in this case. 

A new series of catalysts for the polymerization of 
acrylonitrile and other monomers has been discovered. 
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Phenylazoalkylmalononitriles have been found to be 
very effective catalysts for acrylonitrile polymeriza- 
tion. Polymerization of acrylonitrile in mass has been 
observed to occur spontaneously at room temperature 
with these catalysts. Polyacrylonitrile of excellent 
thermal stability results. 

Diazoaminobenzene is also an effective catalyst for 
acrylonitrile polymerization and it copolymerization 
with basic monomers. A reaction temperature of 
75°C or higher is required for this catalyst. 

Acrylonitrile may also be polymerized by car- 
banionic catalysts [23]. The use of carbonium cata- 
lysts such as boron trifluoride was reported by Rich- 
ards [20]. 

In general, however, electron-rich catalyst frag- 
ments, such as carbanionic and free-radical catalysts, 
are more suitable than carbonium catalysts for acry- 
lonitrile polymerization. This is due to the electron- 
By the 
same token, acrylonitrile is high in copolymerization 


deficient character of acrylonitrile monomer. 


reactivity with other monomers in carbanionic sys- 
tems, and low in carbonium systems. It will be re- 
called that its e value of 1.3 is one of the highest of 


known monomers. 


Mechanism of Polymerization and Copolymeri- 
zation of Acrylonitrile 


In the absence of catalysts, acrylonitrile shows 
little tendency to polymerize. In the presence of 
suitable catalysts, however, acrylonitrile polymerizes 
very rapidly and sometimes explosively. It is gen- 
erally believed that a requisite for facile polymeriza- 
tion in a monomer is electron asymmetry in the un- 
saturated molecule. Acrylonitrile exhibits this char- 


acteristic in that the nitrile group withdraws electrons 


TABLE I. Tue Reactivity Ratios oF ACRYLONITRILE WITH OTHER COMMON MONOMERS 
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from the double bond, leaving the terminal methylene 
group slightly deficient in electrons. Thus, some 
degree of dipole interaction is possible when a 
free-radical ending in acrylonitrile is presented to 
acrylonitrile monomer. This same phenomenon is 
responsible for the high degree of head-to-tail poly- 
merization found in vinyl monomers. 


trile is no exception. 


Polyacryloni- 
Evidence favors a predomi- 
nantly head-to-tail configuration for this polymer. 
The high softening point of polyacrylonitrile and 
difficult solubility sometimes make it desirable to 
utilize copolymers containing small percentages of 
comonomers. Thus, the copolymerization charac- 
teristics of acrylonitrile are of considerable im- 
portance. Until the development of the Alfrey-Price 
[1] Q-e theory, there was no way of expressing the 
copolymerization tendency of a given monomer in a 
general way. Each copolymer system had to be 
treated individually. Alfrey and Price were able to 
derive from reactivity ratios of a given monomer with 
other monomers two characteristic constants for the 
given monomer which defined its copolymerization 


tendency. The following equations were utilized : 


r, = (Q,/Q:) exp {— ¢,(¢, — ¢,)} 

r, = (Q./Q,) exp {— e,(e, — e,)}. 

Thus, acrylonitrile was found to possess a Q value 
of approximately 0.40 and an e value of approxi- 
mately 1.3. The constant Q is related to the degree 
of resonance of the monomer, and the e value is cor- 
related with the electron-donating or electron-accept- 
ing character of the substituent on the double bond. 
Thus, acrylonitrile is intermediate in degree of reso- 
nance stabilization between methyl methacrylate (.74) 
and vinylidene chloride (0.2). Acrylonitrile also 
possesses one of the highest e values of the common 





M, M; 


acrylonitrile 
acrylonitrile 
acrylonitrile 


allyl chloride 
allyl chloride 
diethyl fumarate 


acrylonitrile 
acrylonitrile 
acrylonitrile 
acrylonitrile 
acrylonitrile 
acrylonitrile 
acrylonitrile 
acrylonitrile 
acrylonitrile 
acrylonitrile 


diethyl maleate 
a-methylstyrene 

vinyl acetate 

vinyl acetate 

vinyl benzoate 

vinyl chloride 

vinyl chloride 

vinyl 2-ethylhexanoate 
vinyl formate 
vinylidene chloride 


Temperature Reference 
(°C) 
0.5+0.01 60 [7] 


ri re 


3.0+0.2 
5.5 60 
8 0 60 


[19] 
(19) 


12 
0.06-+0.02 
6+2 
6.0+15% 
5.0+0.05 
3.7 
3.28-+0.06 

12+2 
3.00.05 
0.91+0.10 


0 

0.1+0.02 
0.02 +0.02 
0.07+15% 
0.05 +0.005 
0.074 
0.02+0.02 
0.01+0.01 
0.04 +0.005 
0.37+0.10 


60 
75 
60 
70 
75 
50 
60 
30 
60 
60 


[19] 
f10} 
[10] 
[3] 
[7] 
[8] 
[16] 
(7 
[7] 


[17] 
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monomers (1.3), denoting the high electron-with- 
drawing character of the nitrile group. 

The reactivity ratios of acrylonitrile with other 
common monomers are shown in Table I. Copoly- 
merization reactivity ratios were determined for 
acrylonitrile and the homologous vinyl esters. Re- 
activity of the vinyl esters was found to diminish with 
increasing chain length—in going from vinyl formate 
to vinyl 2-ethylhexanoate, the reactivity of the esters 
decreased. These data seem to indicate steric hin- 
drance to the addition of longer-chain vinyl esters to 
growing free radicals, whether acrylonitrile or vinyl 
ester. 


Relationship of Molecular Weight and 
Fiber Properties 

Since the development of fiber-like properties is 
strictly a characteristic of long-chain molecules, it is 
to be expected that in the case of polyacrylonitrile 
there is a fairly precise molecular weight above which 
fiber properties result and below which fibers may 
not be readily obtained. This threshold molecular 
weight does not seem to be affected appreciably by 
the spinning method—i.e., wet or dry spinning. It 
is convenient to use the specific viscosity of 0.1% 
solutions of polyacrylonitrile in dimethylformamide 





CH: 
es 
CH CH—CH:— 
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as a measure of molecular weight. On this basis, a 
specific viscosity of 0.15 in 0.1% solution in dimethyl- 
formamide is found to be the lowest value which will 
allow the ready formation of fibers. Utilizing Houtz’ 
equation [14], 

{y] = 1.75 x 10° M°*, 


where [»] is intrinsic viscosity and M is molecular 
weight, and determining intrinsic viscosity from a 
plot of ysp/- vs. c, where c is the concentration, a value 
for the molecular weight, corresponding to »., in 
0.1% ‘dimethylformamide = 0.15, of 25,100 is ob- 
tained. Thus, the threshold value of the molecular 
weight for fiber formation is seen to be in the region 
of 25,000. This value is over three times that re- 
quired for fiber formation in polyesters and poly- 
amides [18]. The cause for this pronounced differ- 
ence is not known, but may be related to the usual 
solution-spinning of polyacrylonitrile, in contrast to 
the melt-spinning of polyesters and polyamides. 

In order to attain high tenacity (> 3 g./den.) and 
fiber toughness, it is desirable to use polyacrylonitrile 
of approximately 0.19 (specific viscosity in 0.1% 
dimethylformamide). The molecular weight corre- 
sponding to this specific viscosity is approximately 


35,500. 


| oe’ 


CN CN 


Relationship of Chemical Structure and 
Fiber Properties 


Polyacrylonitrile and copolymers containing over 
50% acrylonitrile do not melt in the usual sense, be- 
cause their decomposition points are substantially be- 
low their theoretical melting points. The theoretical 
melting point of polyacrylonitrile may be estimated 
from its second-order transition temperature, employ- 
ing Beaman’s rule [4], which states that the ratio of 
the second-order transition temperature of a crystal- 
line polymer to its melting point in degrees Kelvin is 
approximately 0.67. It was not possible to prepare 
an entirely amorphous sample of polyacrylonitrile for 
a determination of second-order transition tempera- 
ture. A sample produced by aqueous polymerization 
at 30°C followed by isolation by washing with metha- 
nol and drying at room temperature was found to 
possess a lateral order of 53.8%. Samples of this 
polymer were heated for 1 hr. at 30°, 80°, 85°, 90°, 





100°, 120°, and 150°C. A plot of the % lateral 
order and half-breadth maxima (determined from 
x-ray diffraction patterns, Figure 1) vs. temperature 
of heat treatment showed a change of slope at 90°C. 
The temperature of this change was taken as the 
second-order transition temperature of polyacryloni- 


trile. Application of Beaman’s rule gives as the 
theoretical melting point of polyacrylonitrile a tem- 
perature of 269°C. Since polyacrylonitrile starts to 
decompose at 220°-250°C, the true melting point 
cannot be determined. However, it has been noted 
that when polyacrylonitrile fibers are heated rapidly 
without tension on a Fisher-Johns block, pronounced 
shrinkage occurs at about 290°C. The lack of true 
melting point at 269°C may arise from the formation 
of a condensed pyridine structure, as postulated by 
Houtz [14], or some similar mechanism, 

Once the value for the melting point of polyacry- 
lonitrile is established, some insight into the effect of 
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copolymerization may be obtained by the application 
of Flory’s equation [9], 


1 ee 

ja a 
where R is the gas constant, AH is the molar heat of 
fusion, x is the mole fraction, T, is the melting point 
of the pure polymer, and T is the melting point of 
the copolymer. With this application in mind, poly- 
acrylonitrile and copolymers containing 5%, 10%, 
and 15% methyl methacrylate were prepared by a 
suspension polymerization technique. 


In x, 


These copoly- 


Fic. 1. 


acrylonitrile powder (Cu Ka radiation, Ni-filtered, flat-plate patterns). 


90°C. E—100°C. F—120°C. G—150°C. 
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mers were compared in thermal behavior (Table IT). 

Since little depression in melting point of poly- 
acrylonitrile through copolymerization is apparent, it 
must be concluded from Flory’s equation that poly- 
acrylonitrile has a high heat of fusion. 
since 


Moreover, 


‘re 
T. ==; 
AS 

where 7, is the crystalline melting point, AH is the 

heat of fusion, and AS is the entropy of fusion, it is 


to be suspected that the entropy of fusion of poly- 


The effect of heat treatment for 1 hr. at various temperatures on the x-ray diffraction patterns of poly- 


A—30°C. B—80°C. C—85°C. D— 


H—PAN fiber, highly stretched. 
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TABLE II 





Polymers 


polyacrylonitrile 

95% acrylonitrile-5% methyl methacrylate 
90% acrylonitrile-10% methyl methacrylate 
85% acrylonitrile-15% methyl methacrylate 


Pronounced 
decomposition 
(°C) 

250 
250 
250 
250 


Flow temperature* 
(°C) 
115-120 
115 
110 
105 





acrylonitrile is rather low. A low entropy of fusion 
might arise from dipole repulsion of nitrile groups 
in the same chain which interfere with free mobility 
of chains in the molten state. Thus, little gain in 
mobility of chains over the solid state would occur 
and a high melting point would result. The de- 
termination in these laboratories by Dr. J. E. John- 
son that polyacrylonitrile has an identity period of 
5.0A (approximately equivalent to two acrylonitrile 
units) is in harmony with this picture. It appears 
that alternating nitrile groups are oriented in op- 
posite directions. 

The high melting point and heat of fusion of poly- 
acrylonitrile appear to be related to the bonding of 
nitrile groups of polymer chains with the hydrogens 
a to nitrile groups in adjacent chains : 

CN CN CN 
_cu.ccu.ccu.c— 


| 
ee: See 
N 


CN: > ¢N 
l 
_cu.écu.ecu.c— 


H H H 

The electron-withdrawing tendency of the nitrile 
group serves to render the a-hydrogen electron-de- 
ficient. This hydrogen is thus available for bonding 
with the nitrile group of an adjacent chain by means 
of sharing the two free electrons of the nitrile group. 
These same factors appear to account for the in- 
solubility of polyacrylonitrile in common solvents. 

These effects are shown in the high cohesive energy 
density of polyacrylonitrile as calculated by Walker 
[22] and confirmed by solubility data. His cal- 
culated value, 237 cal./cc., compares with the co- 
hesive energy density of other viny! polymers as 
follows :* 





* The references were furnished by Dr. T. G. Fox, Rohm 
& Haas Co., Philadelphia, Pa., with the exception of the one 
on polyacrylonitrile. 


Semiliquefaction 
of residue 
(°C) 
~ 290 
280-290 
280-290 
280-290 





* Temperature at which a translucent film is formed on depression with a glass probe (slight sticking). 


Polymer 


polyacrylonitrile [22] 
polymethyl! methacrylate [2] 
polystyrene [21] 

polyvinyl chloride [21] 
rubber [11] 


Cohesive energy density 


237 
80-90 
85 

92 

64 


Of this group, only polyacrylonitrile forms fibers 
with good textile properties. 

Because of the high degree of hydrogen bonding 
and the presence of highly polar groups in polyvinyl 
alcohol, polyacrylamide, and polyamides, it is prob- 
able that the cohesive energy densities of these poly- 
mers are also quite high. These data indicate, there- 
fore, that cohesive energy density is an important 
factor in the fiber-forming tendency of high polymers 
and in the properties of the fibers once formed. 

Hydrogen bonding and resulting cohesive energy 
density not only account for the high melting point 
of polyacrylonitrile, but also influence fiber tenacity 
and toughness. The lateral bonding contributes sig- 
nificantly to the energy required for fiber elongation 
and rupture. Since nitrile groups occur on every 
other carbon atom, the possible sites of bonding are 
much more frequent than in the case of nylon 66, 
where amide groups are separated by six carbon 
atoms. This characteristic is probably responsible 
for higher extensibility under low load in the case of 
nylon than in the case of polyacrylonitrile. 


Improving Dimensional Stability of 
Acrylonitrile Polymers 


One of the attractive features of fibers derived 
from polyacrylonitrile and its copolymers is their ex- 
ceptional resistance to shrinkage at high temperatures. 
Thus, a copolymer of 97% acrylonitrile-3% vinyl 
acetate shrinks only 5% at 120°C. It was found that 
the incorporation of small amounts of certain other 
polymers, such as polyvinylcarbazole, effected a 
further reduction in shrinkage at high temperatures. 
Such an approach to compositions of improved 
thermal stability becomes even more attractive, since 
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TABLE 





97% Acrylonitrile- 
3% vinyl acetate 
copolymer Polyvinylcarbazole 5% 


(%) (%) 


100 120°C 
99 185 
98 200 
95 : 170 
90 197 


recent observations have indicated that the presence 
of substantial quantities of comonomer improve fiber 
processing characteristics and, necessarily, increase 
fiber shrinkage at high temperatures. In addition, 
the entry of polyacrylonitrile fibers into certain in- 
dustrial applications such as high temperature filtra- 
tion, smoke filters, and tire cords is favored by the 
preparation of compositions of improved thermal 
stability. 

In general, quantities of added polymer used to 
effect improvement in thermal stability ranged from 
0.5% to 20%. The most striking improvement in 
thermal stability was noted in a study of blends of 
high acrylonitrile copolymers and polyvinylcarbazole. 
The addition of only 1% polyvinylearbazole to a solu- 
tion of a copolymer of 97% acrylonitrile-3% vinyl 
acetate before spinning effected an improvement of 
60°C at the 10% shrinkage value (270°C). Curi- 
ously, the addition of greater than 1,% polyvinylcar- 
bazole failed to give the expected higher thermal 
stability, particularly at less than 10% shrinkage 
(see Table IIT). 

However, it was noted that it was impossible to 
stretch the blend of 80% acrylonitrile copolymer and 
20% polyvinylearbazole due to the exceptionally high 
softening point of this blend. It was found that the 
maximum concentration of polyvinylcarbazole in such 
blends that could be stretched satisfactorily was 
about 10%. 

It was found that the improvement due to poly- 
vinylearbazole in acrylonitrile copolymer blends was 
quite dependent on the comonomer concentration of 
the acrylonitrile copolymers. At 8% or more co- 
monomer improvement in the shrinkage temperatures 
was only of the order of 5°-10°C. 

Following the observation that polyacrylonitrile 
types might be improved by the incorporation of poly- 
vinylcarbazole, it was decided to apply a similar treat- 
ment to fibers made from a copolymer of about 60% 
vinyl chloride and 40% acrylonitrile. A definite im- 


Shrinkage at temperature indicated 


III. Composition 


Original stretch 
ratio 


1% 10% 15% 


3.34 
3.69 
4.37 
2.95 


155°C 207°C 
on 270 

260 — 
209 se ‘ai 
280 si sh 


285°C 


TABLE IV 


97% Acrylo- 
nitrile-3 % 
vinyl acetate 


Copolymer 
of 60% vinyl 
chloride and 40% 
acrylonitrile copolymer temperature 
(%) (%) (°C) 
1.53 100 0 163 
1.53 95 5 170 
4.1 95 5 171 
6.0 90 10 200 
6.4 80 20 280 
3.91 85 15 271 
3.91 70 30 314 


Zero- 


Stretch strength 


ratio 


provement was noted, although not so outstanding as 
that observed with high-acrylonitrile types. A zero- 
strength temperature of 205°C was noted with a 
blend of 80% of the copolymer and 20% polyvinyl- 
carbazole, in contrast with a zero-strength tempera- 
ture of 163°C for the copolymer itself. 

It was found that the use of a copolymer of 97% 
acrylonitrile-3% vinyl acetate, rather than polyvinyl- 
carbazole as a blending component with the vinyl 
chloride acrylonitrile copolymer, led to much less 
shrinkage at high temperatures. In a typical ex- 
ample employing 20% of the 3% vinyl acetate copoly- 
mer and 80% of the vinyl chloride copolymer, it was 
found that at 100°C a control sample had shrunk 
20%, whereas the blend had shrunk only 2%. At 
30% added resin, a zero-strength temperature of 
314°C was obtained, as compared with a value of 
163°C for the vinyl chloride copolymer itself. These 
results indicate that such improvements are out of 
proportion to what might be predicted on the basis 
of simple proportionality (see Table IV). 
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Part II: Acrylonitrile Copolymers and Relationship to Dyeability 


As discussed in Part I, modification of acry- 
lonitrile polymers by copolymerization with most 
monomers results in lowering the softening point. 
However, copolymerization of acrylonitrile with meth- 
acrylonitrile results in little detectable reduction in 
softening point until > 20% methacrylonitrile is 
employed. The unique behavior of this copolymer 
seems to indicate that isomorphous crystals are 
formed in this case. Apparently, methacrylonitrile 
may be substituted in the polyacrylonitrile crystal 
lattice with little difficulty. 

In addition to effecting plasticization, copolymeriza- 
tion is an effective way of imparting dyeability to 
acrylonitrile fibers. 

Acid dyes, including premetallized and chrome 
dyes, possess desirable properties, such as lightfast- 
ness, washfastness, and dry-cleaning-fastness, and are 
generally reasonable in cost. Accordingly, the in- 
troduction of basic groups into polyacrylonitrile was 
a desirable approach to fiber dyeability because of 
electronegative interaction. An important precedent 
is the case of wool, whose excellent dyeability with 
acid dyes is attributed to the presence of basic groups. 
The use of acrylonitrile-vinylpyridine copolymers in 
imparting dyeability with acid dyes was reported by 
Arnold [1]. 

Two major approaches to this problem were fol- 
lowed: (1) copolymerization of acrylonitrile with 
basic monomers; and (2) copolymerization of acry- 
lonitrile with comonomers which may be readily trans- 
formed into basic materials after copolymerization. 


Many heterocyclic nitrogen-containing monomers 
were studied. Those which gave the best results 
with regard to dyeability and polymerization char- 
acteristics are as follows: N-vinylimidazole, N-allyl- 
benzimidazole, N-vinylbenzimidazole, 2-isopropenyl- 
pyridine, allyl nicotinate, allyl isonicotinate, N-allyl- 
isonicotinamide, vinylpyridine and related compounds, 
vinylpyrazine, and N-allyl-2-methylimidazoline. 
Those showing a lower order of dyeability were N- 
vinylpyrrolidong, N-vinylcaprolactam, and 2-vinyl- 
mercaptobenzothiazole. 

A major result of the copolymerization of acry- 
lonitrile with nitrogen heterocyclic monomers has 
been the discovery that basicity dissociation constants 
between 10°* and 10° are required for most satis- 
factory copolymerizability with acrylonitrile and best 
dyeability of resulting copolymers. It has been ob- 
served that basic monomers possessing dissociation 
constants greater than 10° inhibit free-radical poly- 
merization, whereas monomers possessing dissocia- 
tion constants less than 10-*° are not as effective in 
imparting dyeability to resulting copolymers. 

The second approach to the problem of producing 
dyeable polymers was the copolymerization of acry- 
lonitrile with monomers containing groupings which 
are readily transformed into basic functions. Repre- 
sentative of these is methyl vinyl ketone. It has been 
observed that copolymers of acrylonitrile and methyl 
vinyl ketone may be transformed by reaction with 
ammonia in dimethylformamide solution into ami- 
nated derivatives which, on incorporation into higher 
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acrylonitrile polymers, impart excellent dyeability to 
fibers. 

An alternative means of altering acrylonitrile poly- 
mers to introduce basic groups involving the addition 
of amines or thiourea to epoxide groups was found. 
In particular, the copolymerization of acrylonitrile 
with allyl glycidyl ether, followed by the reaction of 
this composition with dimethylamine or thiourea, has 
been observed to yield a dyeable composition. Co- 
polymerization of acrylonitrile with up to 15% allyl 
glycidyl ether proceeds to give a soluble product 
which is readily transformed to a dyeable polymer. 
This copolymerization may be carried out using per- 
sulfate catalysis at reflux temperature in an aqueous 
polymerization system. Surprisingly, the epoxide 
groups in the copolymer are not opened under these 
polymerization conditions. 

A modification of the above reaction involves the 
copolymerization of acrylonitrile with small amounts 
of 1-allyloxy-3-chloro-2-propanol, followed by reac- 
tion with secondary amines, to yield a dyeable com- 
position. 


Acrylonitrile-Vinylimidazole Copolymerizations 


Copolymers of acrylonitrile and N-vinylimidazole 
containing as little as 3% N-vinylimidazole were 
found to be dyeable with acid dyes. Good washfast- 
ness and dry-cleaning-fastness of the dyed fibers was 
noted. 

In general, copolymers of acrylonitrile and small 
amounts of N-vinylimidazole were yellow or light 
amber in color. Water-soluble polyvinylimidazole 
was produced in a conversion of 92% after 16 hrs. 
at 73°C, using aqueous polymerization with 0.5% 
Porofor N and 2% Ivory Soap. Blends of this 
polymer with polyacrylonitrile gave fibers of good 
tenacity and excellent dyeability. Dyeability ranged 
from excellent at 3% vinylimidazole to acceptable at 
1% vinylimidazole. Good dyeing was obtained at 
2% vinylimidazole. These results are particularly 
surprising in view of the rapid water solubility of 
polyvinylimidazole (see Table 1). 


Copolymerizations of Acrylonitrile and Other 
Nitrogen-Containing Heterocyclic Monomers 
General Considerations 


Additional research was required to determine the 
structural requirements for a basic monomer neces- 
sary to give best fiber dyeability and tensile proper- 
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ties combined with acceptable polymerization char- 
acteristics. It became apparent quite early that quite 
precise structural features were involved. As stated 
above, the basicity of the comonomer necessary to 
give the desired degree of dyeability of the fiber had 
to lie between 10-* and 10-*° in basicity dissociation 
constant. A more basic monomer gave strong in- 
hibition and low-molecular-weight polymers in poly- 
merization and unstable fibers. A less basic mono- 
mer failed to impart sufficient dyeability to the fiber. 
These general characteristics appear to be reasonably 
independent of the over-all concentration of basic 
monomers. The great majority of basic monomers 
possessing the proper dissociation constant contained 
nitrogen atoms tied up in a heterocyclic configuration. 
In addition, the possibility for resonance resulting in 
reduced basicity appeared to be required. 

To satisfy the requirements for copolymerization 
with acrylonitrile, some additional means of activation 
of the polymerizable group in the basic monomer was 
found desirable. nonbasic 
monomers, several general configurations requisite 


for copolymerization of acrylonitrile had been de- 


From related work on 
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termined. Among these were vinyl groups con- 
jugated with phenyl groups or related aromatic 
groups, allyl groups, methallyl groups (particularly 
the esters), N-allylamides, and allyl esters (Table I). 


Acrylonitrile-a-lsopropenylpyridine Copolymers 


Since acrylonitrile was known to copolymerize 
readily with styrene and with a-methylstyrene, one 
logical configuration to be studied was one similar to 
a-methylstyrene, with a nitrogen replacing one of the 
carbons in the ring. This monomer, a-isopropenyl- 
pyridine, may be prepared by the reaction of acetone 
and pyridine followed by dehydration. The copoly- 
merization with acrylonitrile was found to be ex- 
tremely susceptible to inhibition by. the presence of 
oxygen. When the usual conditions of mixed mono- 
mer addition in a stirred flask were employed, enough 
oxygen was swept into the system to completely in- 
hibit the polymerization. The same mixture on 
standing for 3 days at room temperature polymerized 
spontaneously to give a conversion of 69.7%. In 
this case a 2/1 water/monomer ratio, 1% potassium 
persulfate, and 0.1% Daxad No. 11 were used. 
Fibers of excellent color, 3.9 g./den. tenacity, 7% 
elongation, and good dyeability with Wool Fast 
Scarlet were obtained. 

It was also found that a-isopropenylpyridine could 
be substituted weight for weight with a-vinylpyridine 
in a conventional copolymerization of acrylonitrile and 
vinylpyridine. For example, a 92% acrylonitrile- 
6% a-vinylpyridine and 2% isopropenylpyridine ter- 
polymer was prepared using 2% potassium persulfate 
and 0.1% Daxad No. 11. After 1.5 hrs. at 75°C, 
a conversion of 94.2% was obtained. Fibers were 
spun from this composition which had a tenacity of 
2.3 g./den. and an elongation of 8%, and were dye- 
able with Wool Fast Scarlet to from medium to very 
dark shades. 

Because of the hindered nature of the double 
bond in a-isopropenylpyridine, free-radical-catalyzed 
homopolymerization of a-isopropenylpyridine was not 
easily possible. However, reasoning by analogy with 
a-methylstyrene, it was expected that acid-catalyzed 
polymerization would proceed readily. Using an 
equal weight of stannic chloride, an 83% conversion 
te polymer was obtained after 0.5 hr. at 25°C. How- 
ever, this polymer was of very low molecular weight 
(0.003 in 0.1% dimethylformamide (DMF)). For 
comparison with the acid-catalyzed polymerization, 
an attempted mass polymerization using .025% ben- 
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zoyl peroxide produced no polymer after 120 hrs. at 
70°C. 


Acrylonitrile-Unsaturated Benzotriazole Copolymers 


When o-phenylenediamine is partially diazotized 
and allowed to couple with itself, two products— 
namely, 1-benzotriazole and 2-benzotriazole—result. 
It was of interest to explore both derivatives as pre- 
cursors of vinyl monomers in order to determine the 
effect of the different positions. Using 92% of acry- 
lonitrile and 8% of the unsaturated benzotriazole in 
every case, copolymers of acrylonitrile with 1-allyl- 
benzotriazole, 1-vinylbenzotriazole, and 2-allylben- 
zotriazole were produced. In each instance, an in- 
soluble or partially gelled polymer was obtained. The 
cause of gelation is not known. However, using a 
92% acrylonitrile-8% 1-allylbenzotriazole monomer 
mixture at 4/1 water/monomer ratio, 0.9% potassium 
persulfate, and 0.2% t-dodecyl mercaptan, a con- 
version of 51.3% to copolymer was obtained after 2 
hrs. at 71°C. This product had a specific viscosity 
in 0.1% DMF of .20, and a cast film dyed slightly 
with Wool Fast Scarlet. In spite of the presence of 
three nitrogens in the triazole rings, these monomers 
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and copolymers are not strongly basic in their re- 
action. 


Acrylonitrile-N-Vinyl and N-Methallyl Lactam Co- 
polymers 


Although lactams are slightly acidic, it was deemed 
desirable to investigate their N-unsaturated deriva- 
tives because of the possibility of slightly basic com- 
positions. Those monomers studied were N-vinyl 
pyrrolidone, N-vinylpiperidone, N-vinylcaprolactain, 
and N-methallylmethylvalerolactam (see Table I1). 

In the copolymerization of a 90% acrylonitrile-10% 
N-vinylpyrrolidone monomer mixture at 4/1 water/ 
monomer ratio, 1% potassium persulfate, and 0.1% 
Daxad No. 11 was employed. After 1.5 hrs. at 
89°C, a conversion of 75% was obtained. Fibers 
so produced gave light shades when dyed with Wool 
Fast Scarlet. 

A similar preparation of a 90% acrylonitrile-10% 
At 10% 
comonomer in the copolymer, less improvement in 
dyeability was noted than in the case of N-vinyl- 
pyrrolidone. 

A copolymer of 90% acrylonitrile and 10% vinyl- 
piperidone was prepared at 2/1 water/monomer ratio 
and 1% potassium persulfate. After 2.5 hrs. at 
75°C, a 67.8% conversion to copolymer was ob- 
tained, and fibers so obtained dyed to light shades 
with Wool Fast Scarlet, indicating a slightly basic 
nature in the polymer. 

A copolymer of 90% acrylonitrile-10% N-meth- 
allylmethylvalerolactam was also produced. After 
18 hrs. at 70°C, a 76.4% conversion to copolymer 
was obtained. 


N-vinyleaprolactam copolymer was made. 


Fibers produced from this composi- 
tion exhibited lower dyeability than those produced 
from the composition containing N-vinyleaprolactam. 


Acrylonitrile-N -Allylbenzimidazole Copolymers 


In initial attempts to make copolymers of acry- 
lonitrile and N-allylbenzimidazole, using potassium 
persulfate as catalyst, only insoluble copolymers were 
obtained. The addition of t-dodecyl mercaptan as a 
regulator failed to produce a soluble polymer. How- 
ever, when Porofor N was used as a catalyst instead 
of potassium persulfate, soluble products were readily 
obtained. Under these conditions, a 95% acryloni- 
trile-5% N-allybenzimidazole copolymer was pro- 
duced at 2/1 water/monomer ratio with 0.75% Poro- 
for N and 0.1% Daxad No. 11. After 3.5 hrs. at 


71°C, a conversion of approximately 84% was ob- 
' 
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tained. The copolymer possessed a specific viscosity 
in 0.1% DMF of 0.32. Considerable coating of the 
reaction flask occurred, however. This product was 
isolated, and the fiber produced had a tenacity of 2.9 
g./den. and an elongation of 6%. When dyed with 
Wool Fast Scarlet, medium shades were obtained, 
indicating a definite basicity of the copolymer (see 
Table IT). 

In further study of the use of potassium persulfate 
in this system, 1/2% potassium persulfate and 1/2% 
triethanolamine were employed at 2/1 water/mono- 
mer ratio with 92% acrylonitrile and 8% N-allyl- 
benzimidazole. After 3 hrs. at 72°C, a 36.4% con- 
version to a soluble product was obtained. On spin- 
ning fibers, tenacities of 2.8 g./den. and elongations 
of 4%-5% were obtained. Medium 
obtained on dyeing with Wool Fast Scarlet. 


shades were 


Acrylonitrile-V inylpyrasine Copolymers 

The preparation of acrylonitrile-vinylpyrazine co- 
polymers was of interest because of the close rela- 
In initial 
experiments, use of potassium persulfate with or with- 


tionship of vinylpyrazine to vinylpyridine. 


out mercaptan as regulator caused complete inhibition 
of polymerization. However, when a 92% acryloni- 
trile-8% vinylpyrazine copolymer was made at 2/1 
water/monomer ratio with 1% Porofor N, a conver- 
sion of 89.6% was obtained after 6 hrs. at 70°C. 
Fibers produced from this composition possessed a 
tenacity of 2.8 g./den. and 7%-8% elongation, and 
were dyeable to medium shades with Wool Fast 
Scarlet. These that vinylpyrazine 
copolymers are considerably less basic than vinyl- 
pyridine copolymers. 


results show 


Copolymers of Acrylonitrile with Allylnicotinamide 
and Allylisonicotinamide 


Copolymerization of 92% acrylonitrile with 8% 
allylnicotinamide or allylisonicotinamide occurred 
readily using 1% potassium persulfate at 2/1 water 
monomer ratio in 5 hrs. at 80°C. Conversions of 
70%-80% were obtained of copolymers which were 
suitable for spinning. Fibers of excellent color were 
obtained, which dyed to from medium to dark shades 


with Wool Fast Scarlet (see Table 1). 


Copolymers of Acrylonitrile with Allyl Nicotinate and 
Allylisonicotinate 


Using a procedure similar 
allylnicotinamide copolymers, 


to that described for 
conversions of 80%- 
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90% were obtained. A film of the allyl isonicotinate 
copolymer dyed well with Wool Fast Scarlet, whereas 
a film of the allylnicotinate copolymer composition 
dyed to an appreciably lesser extent with Wool Fast 
Scarlet. Readily spinnable compositions were ob- 
tained when Porofor N was used as a catalyst. 


Acrylonitrile-2-V inylmercaptobenzothiazole 
mers 


Copoly- 


In producing copolymers of 92% acrylonitrile- 
8% vinylmercaptobenzothiazole, soluble compositions 
were obtained with either Porofor N or K,S,O,-t- 
dodecyl mercaptan combinations. When potassium 
persulfate was used alone, an insoluble product was 
obtained. In a typical case, at 2/1 water/monomer 
ratio with 1% potassium persulfate and 0.2% t- 
dodecyl mercaptan, a conversion of 93.1% to copoly- 
mer was obtained in 4 hrs. at 77°C. Fibers of an 
average tenacity 2.2 g./den., and elongation of 3%- 
% were obtained. These fibers did not exhibit 
good dyeability with Wool Fast Scarlet (see Table 
Il). 

A 50% acrylonitrile-50% vinylmercaptobenzothia- 
zole copolymer was produced using 1% diazoamino- 
benzene in emulsion with 2% Ivory Soap. After 12 
hrs. at 90°C, a 67.8% conversion to copolymer 
was obtained. The copolymer was found to contain 
68.2% vinylmercaptobenzothiazole. A blend of this 
copolymer with polyacrylonitrile, to give an over-all 
percentage of vinylmercaptobenzothiazole of 10%, 
when spun as a fiber, did not improve the dyeability 
with Wool Fast Scarlet over that of the 92% acry- 
lonitrile copolymer. 

It is of interest, however, to note that a film pro- 
duced from a copolymer of 92% acrylonitrile-8% 
vinylmercaptobenzothiazole which had been quater- 
nized by reaction with methyl toluenesulfonate dyed 
readily with Wool Fast Scarlet. 


Acrylonitrile-2-V inylquinoline Copolymers 


A copolymer of 92% acrylonitrile and 8% 2-vinyl- 
quinoline was produced using 1% potassium per- 
sulfate, 0.1% t-dodecyl mercaptan, and 0.1% Daxad 


No. 11 in suspension. After 6 hrs. at 73°C, a 72% 
conversion to copolymer was achieved. An 8% spin- 
ning solution was rather grainy in appearance, but 
films could be cast from the solution. Unexpectedly, 
these films were not readily dyeable with Wool Fast 
Scarlet. It should be pointed out, however, that a 
low molar percentage of 2-vinylquinoline was present 
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in this composition, and over-all nitrogen content was 
probably too low. A 50% acrylonitrile-50% 2-vinyl- 
quinoline copolymer was produced in emulsion, using 
diazoaminobenzene as catalyst. However, a blend of 
this copolymer with polyacrylonitrile to give an over- 
all composition of vinylquinoline of 8% did not dye 
well with Wool Fast Scarlet, presumably for the rea- 
son given above. 


Acrylonitrile-N-Allyl-2-M ethylimidazoline 
mers 


Copoly- 


A copolymer of 91.4% acrylonitrile-8.6% N-allyl- 
2-methylimidazoline was produced in a conversion of 
72.9% after 3.25 hrs. at 75°C, using 1% Porofor N. 
A low-molecular-weight product (specific viscosity in 
0.1% DMF = 06) was produced. A blend with 
polyacrylonitrile to an over-all composition of basic 
component of 4% was spun. The fibers so obtained 
dyed to a medium shade with Wool Fast Scarlet. 
However, the fibers were rather unstable to heat. 


Acrylonitrile-N-Allylmorpholine Copolymers 


A copolymer of 92% acrylonitrile-8% N-allylmor- 
pholine was produced in a conversion of 21.3% after 
2 hrs. at 70°C using 1% potassium persulfate. The 
copolymer was of low specific viscosity (.08 in 0.1% 
DMF), so a blend with a copolymer of 97% acry- 
lonitrile and 3% vinyl acetate containing 4% of the 
basic monomer was spun. Slight dyeability with 
Wool Fast Scarlet was noted. 


Copolymerizations of Acrylonitrile and Various 
Unsaturated Ketones and Polymer 
Modifications 


The rather special limitations surrounding the co- 
polymerization of acrylonitrile with basic monomers 
to give dyeable copolymers prompted a study of al- 
ternative means of introducing basic groups into 
polymers. This problem was approached in the fol- 
lowing way: Acrylonitrile was copolymerized with 
monomers containing reactive groups, and the re- 
sulting copolymers were transformed into basic com- 
positions by treatment with nitrogen-containing mole- 
cules such as amme@ia, amines, and thiourea. Several 
approaches have been employed. One technique in- 
volves copolymerization of acrylonitrile with unsatu- 
rated chloroagetates, followed by reaction with amines 
or ammonia. This subject was discussed in a paper 
presented at the Fall, 1952, meeting of the American 
Chemical Society in Atlantic City, N. J. [2]. An- 
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other approach is the transformation of acrylonitrile 
copolymers with allyl glycidyl ether and 1-allyloxy- 
3-chloro-2-propanol by reaction with amines and 
thiourea. These copolymers are discussed in detail 
later in this paper. 

It has been found that copolymers of acryloni- 
trile and methyl vinyl ketone may be converted into 
basic compositions by reaction with ammonia, and 
that these compositions will impart dyeability when 
blended with fiber-forming acrylonitrile copolymers 
to give an over-all composition of 1%-3% of the 
transformed basic component. In previous studies, 
this quantity amounted to about 4 of the methyl vinyl 
ketone employed. In addition to excellent dyeability 
with acid dyes, the dry-cleaning-fastness and wash- 
fastness of dyed fabrics have been exceptional. 

One suitable composition is a copolymer of 50% 
acrylonitrile and 50% methyl vinyl ketone. This 
copolymer was produced in aqueous emulsion at a 
3/1 water/monomer ratio employing 0.5% potassium 
persulfate and 2% Rubber Reserve soap. After 1.25 
hrs. at 76°C, a conversion of 76.8% was obtained. 
The resulting copolymer possessed a specific viscosity 
in 0.1% dimethylformamide of .098. A 9.7% solu- 
tion of this copolymer in dimethylformamide was pre- 
pared, and the solution was saturated with ammonia 
gas by allowing the gas to pass into the solution for 
1.3 hrs. 

After the solution was allowed to stand for an 
additional 10 min., it was flushed with nitrogen for 
1 hr. 20 min, The aminated solution was blended 
with a polyaerylonitrile solution so as to give an over- 
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all content of methyl vinyl ketone and amino deriva- 
tive of 3%, 6%, and 10%. Analysis of an amination 
mixture prepared in a similar way indicated that 
approximately 34% of the methyl vinyl ketone units 
had been converted into amino groups by this treat- 
ment. Accordingly, the concentrations of amine were 
approximately 1%, 2%, and 3.3%. The nature of 
this transformation is believed to be as follows: 


CH, CH 
C=O 
l NH; | 
(Hs Hy Che 


C—NH: 


In the case of the blend containing 3.3% amine, 
fibers were produced which had a tenacity of 1.8 g. 
den. and 5%-7% elongation. On stretching 456%, 
fibers were obtained which dyed with Wool Fast 
Scarlet to from a medium dark to a very dark shade. 
At 2% amine, fibers were produced which possessed 
a tenacity of 3 g./den. and an elongation of 5%-7% 
after stretching 385%. These fibers dyed to from 
a light medium to a medium shade with Wool Fast 
Scarlet. A polymer blend was spun which contained 
1% of the amine and was stretched 259%. These 
fibers dyed only to a light pink shade with Wool Fast 
Scarlet. 

The excellent washfastness and dry-cleaning-fast- 
ness of the methyl vinyl ketone compositions may be 
due to the highly polar nature of the copolymer. All 
of the components—acrylonitrile, methyl vinyl ketone, 


and aminated components—are quite polar in nature, 
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and would be expected to be inert towards dry-clean- 
ing solvents and soap. . 


Copolymerizations of Acrylonitrile with Unsat- 
urated Epoxides and Related Compounds 


The earlier work on preparation of basic composi- 
tions from acrylonitrile-alkenyl chloroacetate copoly- 
mers by reaction with amines and thiourea led to 
the belief that other copolymers containing reactive 
groups which could be transformed into basic com- 
positions might be prepared. Since it was known 
that epoxide groups could readily be transformed 
into amino groups by reaction with ammonia or 
amines containing replaceable hydrogen, it was de- 
cided to study the copolymerization of acrylonitrile 
with unsaturated epoxides (Table IIT). 

The most common and readily available unsatu- 
rated epoxide is butadiene monoxide. Several at- 
tempts were made to obtain soluble products by co- 
polymerization of acrylonitrile with butadiene mon- 
oxide, but in every case insoluble, gelled products 
were obtained. These studies were confined to co- 
polymerizations cf 10% or less butadiene monoxide 
because of the lack of activation of the double bond in 
that system. 

The results would indicate that butadiene monoxide 
is bifunctional in copolymerization, and may copoly- 
merize through the epoxide groups as well as the 
olefin group when subjected to free-radical attack, 
as indicated below : 


CH:=CH 


tu. 
| ‘o 
baa’ 


In view of the cross-linking behavior of butadiene 
monoxide, it was rather surprising that acrylonitrile 
and allyl glycidyl ether could be copolymerized to give 
readily soluble products which were easily spinnable. 
A monomer mixture of 92% acrylonitrile and 8% 
allyl glycidyl ether was allowed to copolymerize at 2.13 
water/monomer ratio and 1% potassium persulfate 
for 2 hrs. at 78°C. An 87.8% conversion to copoly- 
mer was obtained. The copolymer possessed a spe- 
cific viscosity in 0.1% DMF of 0.18, and yielded on 
spinning a fiber of 2.9 g./den. tenacity. 

Using a monomer mixture of 88% acrylonitrile and 
12% allyl glycidyl ether at 4/1 water/monomer ratio 
and 0.5% potassium persulfate, an 80.4% conversion 


ae 


—CH;-CH— 
_cu.cuo— 


TEXTILE RESEARCH JOURNAL 


to a copolymer containing 9% allyl glycidyl ether was 
obtained after 1.5 hrs. at 78°C. 

There was observed, however, that when a 90% 
acrylonitrile-10% allyl glycidyl ether monomer mix- 
ture was allowed to polymerize at 4/1 water/monomer 
ratio with 1% potassium persulfate and 1% Acto 
450, an 87.7% conversion to an unspinnable product 
was obtained after 2} hrs. at 77°C. The copolymer 
contained 9.3% allyl glycidyl ether. A satisfactory 
specific viscosity in 0.1% DMF of 0.18 was obtained, 
however. 

It is difficult to reconcile the incongruous results 
obtained with allyl glycidyl ether in one case and buta- 
diene monoxide in the other case. It is likely that the 
high water solubility of butadiene monoxide, as con- 
trasted with the water insolubility of allyl glycidyl 
ether, plays a major role in the greater bifunctional 
tendency of butadiene monoxide. 

The first indication that allyl glycidyl ether copoly- 
mer compositions might be transformed into basic 
compositions was obtained in the following way: A 
20% solution of a copolymer of 7.7% allyl glycidyl 
ether and 92.3% acrylonitrile was prepared, and 1 g. 
of diethylamine was added. The mixture was stirred 
at 70°C for 2 min. and cast to produce a film. The 
film was dyed with Wool Fast Scarlet to a light 
color. 

A 16% solution of the same copolymer was pre- 
pared, and twice the stoichiometric quantity of di- 
ethylamine was added to the solution and completely 
mixed. The solution was placed in a 70°C oven for 
45 min., and a wet-cast film was dyed with Wool 
Fast Scarlet. The film showed good dyeability. 

A 17% solution of 91% acrylonitrile-9% allyl 
glycidyl ether copolymer was prepared (100 g. total), 
and 2.6 g. of diethylamine was added. The solu- 
tion was heated for 4 hrs. at 60° C. Fibers spun 
from this solution were stretched 397%, and were 
found to possess a tenacity of 3.1 g./den. 9%-10% 
elongation, and 10.7% boil-shrinkage. A skein of 
these fibers was immersed in a Wool Fast Scarlet 
dye bath containing a quantity of chloroacetic acid 
equal to the fiber weight. Good dyeing of the skein 
was effected. Dye-bath exhaustion, with brilliant 
coloration, was effected in 1.5 hrs. 

A 16% solution of a copolymer of 92.3% acryloni- 
trile-7.7% allyl glycidyl ether was prepared, and 8 
ml. of dimethylamine solution in dimethylacetamide 
was added (twice the stoichiometric amount). After 
2 hrs. at 68°C, 1.08 g. of chloroacetic acid was added 
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as a 50% dimethylacetamide solution and an addi- 
tional heating period of 2 hrs. at 68°C was used. 
Fibers were produced from this solution which were 
stretched 230%, and were found to possess a tenacity 
of 2.5 g./den., 8%-10% elongation, and 6% _ boil- 
shrinkage. These fibers did not dye, per se, with 
Wool Fast Scarlet. However, the addition of an 
equal weight of chloroacetic acid to the dye bath pro- 
duced fairly good dyeability after 6 hrs. at 100°C. 
In an attempt to eliminate the necessity for addi- 
tional chloroacetic acid in the dye bath, the same 
copolymer was treated with dimethylamine, as be- 
fore, but for 6 hrs. at 68°C. An additional treat- 
ment with chloroacetic acid (1.08 g.) was made for 
5 hrs. at 68°C. The fibers, which were stretched 
317%, were found to possess a tenacity of 3.2 g./ 
den., 7% elongation, and 8.6% boil-shrinkage. Good 
dyeing with Wool Fast Scarlet occurred, although 
exhaustion was not complete after 4 hrs. at 100°C. 
The fibers produced from the treatment of a 16% 
solution of the copolymer containing 7.7% allyl gly- 
cidyl ether with 12% DMA in dimethylacetamide for 
5 hrs. at 68° C, followed by solution quaternization 
with chloroacetic acid, were spun and stretched 230%. 
The tenacity of the fibers was 2.4 g./den., and the 
elongation 8%. These fibers were dyed with and 
without the addition of chloroacetic acid to the dye 
bath. Good dyeing was obtained without dye-bath 
exhaustion, with chloroacetic acid added to the dye 
bath, after 4 hrs. at 100°C; but poor dyeing was 
obtained in the absence of chloroacetic acid. 

A skein of continuously stretched 92.3% acryloni- 
trile-7.7% allyl glycidyl ether copolymer was im- 
mersed in cyclohexylamine for 3 min, at 170°C, 
washed with acetone, dried and dyed with Wool Fast 
Scarlet for 1 hr. at 100°C. 
dyeability was obtained. 


A slight improvement in 
A skein of a copolymer of 
91% acrylonitrile-9% allyl glycidyl ether was dyed 
with Wool Fast Scarlet solution containing 5 times 
the normal amount of sulfuric acid. A quantity of 
thiourea equal to the fiber weight was added to the 
dye bath. After 40 min. at 100°C, the dye bath 
was exhausted and the skein was a deep scarlet color. 
A total of 100 g. of a 17% solution of the copolymer 
of 90% allyl glycidyl ether and 91% acrylonitrile was 
prepared, and 0.9 g. of solid thiourea was added, 
with stirring, to the reaction mixture. The mixture 
was placed in a 70°C oven for 1 hr. At the end of 
this period the solution was somewhat gel-like and 
could not be spun. 
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A skein of a copolymer of 92% acrylonitrile-8% 
allylglycidyl ether was treated with an equal weight 
of thiourea in a 2% Wool Fast Scarlet dye bath for 2 
hrs. at 90°C. Good dyeing of the fiber occurred. 


Thiourea Aftertreatment of Acrylonitrile-Vinyl 
Chloroacetate Copolymers 


As discussed earlier, vinyl chloroacetate-acryloni- 
trile copolymers were found to be readily transformed 
into. polymers containing salt groups, which readily 
exchanged anions with acid dyes, by treatment with 
amines. It was considered of interest to explore 
other reactions of alkyl halides which would accom- 
plish the same result. The reactant should preferably 
be a neutral, water-soluble substance to simplify fiber 
treatment and prevent hydrolysis of the fiber during 
treatment. Thiourea was found to possess the de- 
sired physical properties, and was known to form 
isothiouronium salts by reaction with compounds con- 
taining active halogens. Accordingly, a 1.3-g. skein 
of a copolymer of 91% acrylonitrile-9% vinyl chloro- 
acetate was treated with an aqueous solution contain- 
ing 16.3% thiourea, washed with water, and dyed 
with Wool Fast Scarlet. 
obtained. 


Good dye-receptivity was 
Similarly, addition of thiourea to the ‘dye- 
bath gave even better fiber dyeability. A skein of 
copolymer of 94.7% acrylonitrile-5.3% vinyl chloro- 
acetate was immersed in a Wool Fast Scarlet dye- 
bath containing 28% of the fiber weight as thiourea 
for 1 hr. at 100°C. The bath was 96% exhausted of 
dye after 1 hr., and the fiber was dyed a deep, uniform 
scarlet. 


Thiourea Aftertreatment of Acrylonitrile-Allyl 
Chloroacetate Copolymers 


As discussed previously in connection with vinyl 
chloroacetate copolymers, thiourea treatment of un- 
saturated chloroacetic ester copolymers of acryloni- 
trile was undertaken as a means of introducing salt 
groups into acrylonitrile copolymers, which might 
undergo ion exchange with acid dyes (Table IV). 
Initial studies were made with a copolymer of 91% 
acrylonitrile-9% allyl chloroacetate. A 1.3-g. skein 
was treated with an aqueous solution containing 
16.3% thiourea, washed with water, and dyed with 
Wool Fast Scarlet. Good dyeing was obtained with 
Wool Fast Scarlet, although the dye bath was not 
exhausted. Good dry-cleaning-fastness and wash- 
fastness were noted in standard tests. Better results 
were obtained by the addition of thiourea to the dye 
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bath. Addition of 8% thiourea, based on the fiber 
weight to the dye bath (1 g. of fiber, 1 ml. of 2% 
dye solution, 5 ml. of 3% H,SO,, 40 ml. of water), 
gave dye-bath exhaustion with Wool Fast Scarlet in 
30 min. Addition of 40% thiourea, based on the 
fiber weight to the dye bath, gave exhaustion in 10 
min. Fibers of good color depth were obtained. 
The fibers were found to be fast in both laundering 
and dry-cleaning tests. 
were dyed with Wool Fast Yellow and Alizarin Light 
Blue. Although the dye baths were not exhausted, 
good shades were produced. With skeins of a co- 
polymer of 95.8% acrylonitrile-4.2% allyl chloroace- 
tate, the addition of a quantity of thiourea equal to the 
fiber weight produced dye-bath exhaustion with Wool 
Fast Scarlet in 10 min. The dyed fiber possessed 
good color depth, but was somewhat streaked. The 
streakiness was prevented by using a 30-min. dye 
time with 50% thiourea. 

A comparison of the zero-strength temperature of 
a 91% acrylonitrile-9% allyl chloroacetate fiber with 
a thiourea-treated and dyed sample showed no sig- 
nificant difference (325° and 330°C, respectively). 
This-test is a measure of the breaking temperature of 
a fiber under a load of .03 g./den., and is accurate to 


Using 20% thiourea, skeins. 
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approximately + 5°C. Tensile strength was also not 
altered by thiourea treatment. 

It was found possible to replace thiourea with allyl- 
thiourea in the aftertreatment. 

A minor drawback to the thiourea treatment is the 
tendency of dye solutions containing large amounts 
of thiourea to decolorize on standing for over 24 hrs. 
In the concentration range which gave optimum re- 
sults, however, no tendency toward decolorization 
was noted. 

A stoichiometric quantity of thiourea was added to 
a 21% solution of a 92% acrylonitrile-8% allyl chloro- 
acetate copolymer, and the mixture was heated over- 
night at 70°C and spun. Some improvement in dye- 
ability with acid dyes was obtained, but the dye- 
ability was not as satisfactory as that obtained on 
aftertreatment. An analysis for ionic chlorine in- 
dicated substantially complete conversion to the iso- 
thiouronium chloride. Treatment of an aqueous 
slurry of finely ground copolymer (91% acrylonitrile- 
9% allyl chloroacetate) with thiourea (42% of poly- 
mer weight) for 5 min. at 100°C produced 37.5% 
conversion to the isothiouronium chloride. A film 
of this treated polymer was dyed with Wool Fast 
Scarlet. 


TABLE IV. Preparation or Dyeaste ComposiTions FROM ACRYLONITRILE-ALLYL CHLOROACETATE COPOLYMERS 
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Aftertreatment of Acrylonitrile-Allyl Chloroace- 
tate with the Sodium Mercaptide of 
Mercaptobenzothiazole 

A copolymer of 91% acrylonitrile-9% allyl chloro- 
acetate was treated with an aqueous solution of sodio- 
mercaptobenzothiazole. A coarse skein was rendered 
quite dye-receptive, whereas a skein of good hand 
was not altered with regard to dyeability. Some 
ground resin of the same composition was treated 
with an excess of sodiomercaptobenzothiazole aqueous 
solution for 5 min. at 100°C; 70% conversion to the 
mercaptobenzothiazole was obtained, based on a chlo- 
rine and sulfur analysis of the polymer. The poly- 
mer was rendered insoluble in dimethylacetamide by 
the treatment, however. The same polymer was 
treated as a 21% solution in dimethylformamide with 
an equivalent amount of mercaptobenzothiazole for 
16 hrs. at 60°C. Based on an ionic chlorine analysis, 
46.4% reaction was obtained. The solution 
gelled by the treatment, however. 


was 


Acrylonitrile-Unsaturated Quaternary Salt 
Copolymerizations 


The copolymerization of acrylonitrile and unsatu- 
rated quaternary salts was undertaken as a conse- 
quence of the observation that trimethylamine added 
to a solution of a copolymer of acrylonitrile and vinyl 
chloroacetate produced dyeability in the spun fibers. 
Due to gelation difficulties which arose on the addi- 
tion of trimethylamine, it was considered desirable to 
accomplish the reaction with the tertiary amine before 
copolymerization. 

The quaternary salt of vinyl chloroacetate and tri- 
ethylamine was first prepared and copolymerized with 
acrylonitrile. In a typical experiment, 200 g. of a 
solution of 90% acrylonitrile and 10% vinyl chloro- 
acetate-triethylamine salt containing 1.0% Porofor 
N and 0.1% t-dodecyl mercaptan was added over 
a 3-hr. period to 800 g. of water containing 0.2 g. of 
Daxad No. 11 at 80°C. An 85% conversion to a 
copolymer containing 7.07% of the unsaturated salt 
was obtained. Fibers produced from this resin 
possessed a tenacity of 4.0 g./den., an elongation 
of 6%-8%, and a boil-shrinkage of 5.35%. The 
stretched fiber showed a slight improvement in dye- 
ability, whereas the unstretched fibers dyed quite 
well with Wool Fast Scarlet. The spinning solu- 
tions were observed to discolor during preparation. 
Copolymers of acrylonitrile and the salt of vinyl 
chloroacetate and trimethylamine, which were pre- 
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pared by a batch technique, rather than by a mixed- 
monomer technique, due to the insolubility of the 
organic salt in acrylonitrile, also gave discolored spin- 
ning solutions. 

In an attempt to obviate this difficulty, the salt of 
allyl chloroacetate and trimethylamine was prepared 
and copolymerized with acrylonitrile. Spinning solu- 
tions of this copolymer were found to have much 
better color stability than the copolymers of vinyl 
chloroacetate-trialkylamine salts. After considerable 
variation in the copolymerization technique, a suit- 
able process for the copolymerization of acrylonitrile 
with the salt of allyl chloroacetate and trimethylamine, 
using potassium persulfate as a catalyst, was de- 
veloped. Initial attempts produced only insoluble 
products unless Porofor N was used as a catalyst. 
The optimum conditions for producing a soluble co- 
polymer which could be spun into acid-dyeable fibers 
are as follows: A monomer mixture of 85% acry- 
lonitrile and 15% allyl chloroacetate-trimethylamine 
salt was heated with 1% potassium persulfate and 
0.2% t-dodecyl mercaptan in four volumes of water 


for 16 hrs. at 80°C. 


The copolymer was steam-dis- 


tilled, filtered, washed with water, and dried. A 
13% solution of the copolymer, which contained ap- 


proximately 2% of the organic salt, was prepared in 
dimethylformamide, and was spun into a mixture of 
two parts dimethylformamide-one part water, and the 
fiber was stretched 2.74 times. The fiber possessed 
a tenacity of 2.3 g./den., an elongation of 7.0%, and 
a boil-shrinkage of 12.7%. When the fiber was 
dyed with a high-acid Wool Fast Scarlet dye bath, 
dye-bath exhaustion was obtained. However, the 
actual color developed was not as deep as that ob- 
tained on trimethylamine treatment of solutions. 

A similar copolymer of acrylonitrile (94.7%) and 
the salt of allyl chloroacetate and triethylamine (5.3% ) 
was prepared, but fibers of this composition were 
found to decompose during heat-stretching, with con- 
sequent loss of dyeability. 


Acrylonitrile-1-Allyloxy-3-Chloro-2-Propanol 
Copolymers 


A monomer mixture of 92% acrylonitrile-8% 1- 
allyloxy-3-chloro-2-propanol was added to a water 
solution over a period of 1.75 hrs. at 80°C, and 1% 
potassium sulfate was added. A 91.4% conversion 
to a copolymer possessing a specific viscosity in 0.1% 
dimethylformamide of .15 was obtained. A similar 
copolymerization conducted at 2/1 water/monomer 
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ratio with 0.7% potassium persulfate gave 87.5% 
conversion after 2.25 hrs. at 74°C. The copolymer 
had a specific viscosity in 0.1% DMF of .26, and 
contained 6.6% 1-allyloxy-3-chloro-2-propanol. In 
a similar way, a monomer mixture of 88% acryloni- 
trile-12% 1-allyloxy-3-chloro-2-propanol was allowed 
to polymerize. After 1.75 hrs. at 82°C, a 92.6% 
conversion to a copolymer with a specific viscosity in 
0.1% DMF of 0.11 was obtained. The copolymer 
had a 1-allyloxy-3-chloro-2-propanol content of 9.7%. 

A 25% solution of this copolymer was treated with 
twice the stoichiometric amount of dimethylamine, 
and was placed in a 70°C oven for 44 hrs. Fibers 
produced from this solution possessed a tenacity of 
1.6 g./den., an elongation of 7%-9%, and a boil- 
shrinkage of 15%. The fibers dyed slightly with 
Wool Fast Scarlet. Some discoloration occurred, 
however. Addition of an equal weight of chloroacetic 
acid to the dye bath produced good dyeability of the 
fiber. 

A 15% solution of a copolymer of 6.6% 1-allyloxy- 
3-chloro-2-propanol and 93.4% acrylonitrile in di- 
methylformamide was prepared, and the stoichio- 
metric amount of dimethylamine was added. After 
18 hrs. at 70°C, the solution was spun, and low- 
strength fibers of good hand were obtained. The 


fibers dyed well with Wool Fast Scarlet at 2%-10% 
concentrations (Table IV). 


Future Trends 


The hydrophobic nature of polyacrylonitrile will 
undergo scrutiny. Hydrophilic groups may be in- 
troduced to improve the moisture pickup, dyeability, 
and wearing comfort of polyacrylonitrile. These 
groups may be introduced by copolymerization of 
acrylonitrile with water-sensitive or water-soluble 
comonomers, or by transformation of polyacryloni- 
trile itself. For a lower order of improvement in 
moisture pickup, ester groups may be introduced into 
the polymer. In this way, substantivity with acetate 
dyes becomes possible. A higher order of moisture 
pickup may result from the introduction of hydroxyl, 
carboxylic acid, or amide groups. Such products 
should exhibit much broader dyeability with different 
classes of dyes, particularly cotton dyes. 


TEXTILE RESEARCH JOURNAL 


One must not lose sight of the interdependency of 
moisture pickup and ease of dyeability with fabric 
drying rate and ease of laundering. We believe that 
there are ways of acquiring a good balance of these 
characteristics. 

Since those compositions which are melt-spinnable, 
such as nylon and Dacron, are characterized by regu- 
larly repeating units in the polymer chain, it appears 
that normal vinyl copolymerization of acrylonitrile 
with other monomers does not offer much hope of 
yielding a melt-spinnable composition with a sub- 
stantial proportion of acrylonitrile. Hence, a co- 
polymer of 50m% acrylonitrile and 50m% of a vinyl 
comonomer would not be expected to be melt-spin- 
nable since a completely regular A-B-A-B-A-B se- 
quence is not ordinarily possible for these monomers 
under the laws of vinyl copolymerization. 

Plasticization of polyacrylonitrile, on the other 
hand, can be attained readily. Such plasticizers as 
succinonitrile effectively plasticize polyacrylonitrile at 
low concentrations. However, from a fiber stand- 
point, such plasticizers cannot be used because of 
water-solubility. Almost every known plasticizer for 
polyacrylonitrile is water-soluble. 

In conclusion, it should be pointed out that research 
on polyacrylonitrile is still in its infancy. Many 
promising avenues have been opened in the intensive 
quest of suitable fibers. These paths will be explored 
further, and will undoubtedly lead to improved poly- 
merization techniques and to improved fibers. 
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Distribution of Cystine in the Cortex of Wool 
E. H. Mercer,* R. L. Golden,{ and E. B. Jeffries 


Department of Chemical Engineering, Princeton University, and Textile Research 
Institute, Princeton, New Jersey 


Abstract 


The paracortex (more stable fraction) of the wool fiber, as isolated by enzymatic digestion 
of partially supercontracted fibers, contains considerably more cystine than the orthocortex (less 


stable fraction). 


This preponderance of cystine on one side of the fiber has also been demon- 


strated by means of a histochemical method involving the deposition of metallic sulfides. 
Experiments have been carried out which indicate that the (4 +8)—or more reactive— 
fraction of the cystine reported by other investigators occurs predominantly on the orthocortical 


side of the fiber. 


Tue CORTEX of the wool fiber has been shown 
to be divisible into two parts differing in stability and 
chemical reactivity [6, 7]. These two parts—re- 
ferred to as the orthocortex and paracortex, the less 
stable and more stable, respectively—are distinguish- 
able in the light microscope as two hemicylinders 
which, twisted together, run from one end to the 
other of each fiber. The pitch of the twist is equal 
to the wave length of the crimp of the filament, but 
many aspects of the geometry remain obscure. The 
difference in properties suggests that the keratin of 
the two parts may differ in amino acid composition. 
Particular interest attaches to the amino acid cystine, 
since the disulfide bridge of this acid residue is 
thought to stabilize the keratin by cross-linking the 
peptide chains, and an uneven cystine distribution 
could be a cause of the difference in stability. Differ- 
ences in dyeing suggest that the quantities of amino 
acid residues may also be different in the two halves. 
In this article evidence will be brought forward to 
show that the more stable fraction of the fiber, the 
paracortex, has a higher cystine content than the 
orthocortex and that the cystine of the latter is rela- 
tively more reactive. 


Experimental 


Preparation and Analysis of an Enriched Paracortical 
Fraction 


The orthocortex may be preferentially removed 
from wool by taking advantage of its higher reactivity 


[7]. 


For instance, in superheated water, supercon- 


* Present address: The Chester Beatty Research Institute, 
London, England. 


+ Research Fellow of Textile Research Institute. 


traction occurs first in the orthocortex, and this super- 
contracted fraction may then be removed by digestion 
with trypsin. The undigested residue consists of a 
tubule derived from the cuticle containing within it a 
twisted birefringent strand of paracortex. A photo- 
micrograph of a preparation of this type has been 
reproduced elsewhere [7]. Such a preparation is not 
a pure histological component, since it contains some 
5% cuticle, nor is it supposed that the paracortical 
fraction is a single protein species. Nevertheless, an 
amino acid analysis of such an “enriched paracortex” 
should yield useful clues to the reasons for the dif- 
ference in properties. 

The wool used was solvent-scoured, and the prep- 
aration was carried out as described in detail else- 
where [7]. Cystine was determined by a modified 
Folin procedure. Independent experiments showed 
that the loss in weight in digestion is close to 50%. 
This figure was assumed, and the cystine content 
of the orthocortex was calculated. 


in Table I. 


Results are shown 


Distribution of Sulfur—Histochemical Method 


Schoberl [13] and Elod et al. [3] described the 
deposition of metal sulfides in wool when treated with 
salt solutions. Under some conditions the insoluble 
sulfide is distributed in colloidal sized particles pro- 
ducing a colored fiber. Schéberl mentions that the 
distribution may occur more on one side of the fiber 
than on the other, suggesting a connection with the 
ortho-para differentiation. Assuming that all, or a 
fixed fraction, of the disulfide-sulfur is converted into 
metallic sulfide, and that the insoluble product is pro- 
duced at the site of the original sulfur (to within the 
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TABLE I. Cystine Content oF CorticAL FRACTIONS PREPARED BY ENZYMATIC DIGESTION 
OF SUPERCONTRACTED U. S. MEpIUM WooL 





Sample 
No. Description of preparation 


1 Treated with superheated 
water, then digested [7 ] 

2 Treated with superheated 
water, then digested 

3 Treated with superheated 
water, then digested 

4 Urea-bisulfite treated, 
then digested 





Cystine in Cystine in 
Cystine in paracortex orthocortex 
whole wool (as determined) (as calculated*) 
(%) (%) (%) 
11.4 3. 9.2 
7.7 
11.8 : 8.4 


11.3 ¥ 9.0 





resolution of the light microscope), it is clear that 
the depth of coloration may be used to estimate the 
disulfide concentration. These assumptions—as well 
as the nature of the reaction—need further investiga- 
tion, but will be accepted here. 

A solution of sodium plumbite was prepared by 
adding drops of 1N caustic soda to a 0.1% solution 
of lead nitrate until the precipitate was just redis- 
solved on standing for 30 min. A staple of solvent- 
scoured coarse merino wool was suspended in this 
solution and the temperature maintained at 40°C. 
The wool darkened and appeared fully colored after 
a 24-hr. treatment. Specimen fibers were removed 
from time to time, washed, dried, and examined. 

The denser deposit occurred on the inside half of 
the fiber at the crests and troughs of the crimp—i.e., 
in the paracortex. Having identified the site of the 
denser deposit, cross sections were prepared for closer 
study. These showed a graded “half moon” effect, 
the deposit again being denser on the paracortical 
side, showing that the greater density of cystine is on 
the paracortical side. 


Reactivity of the Cystine 


Phillips and collaborators [11] showed that the 
cystine of wool and other keratinized proteins may be 
divided into two main fractions on the basis of chemi- 
cal reactivity. Since the keratin as a whole may also 
be divided into two parts in terms of reactivity, it 
seemed not unlikely that the more reactive cystine is 
the fraction located in the more reactive orthocortex. 

This supposition was tested by reducing the more 
reactive cystine—(A + B) fraction—blocking the re- 
sultant thiol groups by ethylation, and removing the 
modified keratin containing these groups by digestion 
with pepsin, using methods developed by Harris and 


* Calculated by assuming equal weights of orthocortex and paracortex in each fiber. 





TABLE II. Cystine CONTENT OF CORTICAL FRACTION 
RESULTING FROM ENZYMATIC DIGESTION OF REDUCED 
AND ETHYLATED AUSTRALIAN FINE WOOL 





Cystine in 
digestion- 
resisting 
fraction 
(%) 
10.1 
10.3* 
10.9 


Cystine in 
reduced and 
ethylated 
Sample wool 

No. (%) 
5 6.8 
6 6.8 
7 7.0 





* This figure represents the cystine content of material 
obtained by a second digestion of Sample 5. 
coworkers [10]. Finely chopped wool was treated 
with thioglycollic acid at pH 4.5 for 8 hrs., which, 
according to Phillips, is likely to cause reduction of 
the (A + B) fraction principally [11]. The reduced 
wool was washed free of acid and treated with excess 
ethyl bromide in an aqueous solution buffered at pH 
8 for 16 hrs. The ethylated wool was then washed 
and digested with pepsin (0.2% at pH 2, 40°C) for 
one week. Microscopic examination showed that the 
attack began on one side of the fiber and that the 
cortex on this side was cleanly removed leaving a 
birefringent, scarcely damaged strand of resistant 
cortex. Prolonged digestion failed to dissolve this 
cortical residue or the cuticular sheath. The cystine 
content of this residue was determined and is given 
in Table II. The microscopic appearance of this 
preparation seemed to be identical with other prep- 
arations of paracortex. Harris and coworkers [10] 
have reported a high sulfur content for residues pre- 
pared by digestion of ethylated wool, but these con- 
sisted almost entirely of the cuticular sheath. 

A reduction and ethylation in one step as described 
by Harris and Brown [5] led to similar results, but 
in this case the paracortex was slightly attacked. As 
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an alternative method the orthocortex was extracted 
at 40°C for 24 hrs. by means of a saturated solution 
of urea containing 5% sodium bisulfite and buffered 
to pH 8, and the residue was digested with trypsin 
(0.05%, pH 8.6, 40°C) for 24 hrs. The extraction 
proceeded unsymmetrically and the cystine content of 
the residue is reported in Table I (Sample No. 4). 
The residue again consisted of a cuticular sheath con- 
taining a birefringent, apparently unaltered strip of 
paracortex. 


Discussion 


It is necessary to decide whether the preliminary 
preparative treatments may have led to an enrich- 
ment of the cystine in the residue by a preferential 
removal of other amino acid residues. It seems un- 
likely, however, that any such attack at the molecular 
level could proceed far without causing a visible 
change in the fibrous structure. Optically the re- 
sistant strand of paracortex appears unaltered, and in 
particular its birefringence is unaffected. 


alytical results are therefore reported at their face 


The an- 


value pending further demonstration of the reliability 
of the preparation. 

Since the cystine content of the resistant fraction of 
the cortex approaches twice that of the less resistant, 
it would seem that the greater cross-linking in the 
paracortex could be one of the reasons for the greater 
stability. 
cortical regions, as well as certain preliminary analyses 
carried out by us, suggest that other amino acids 
are unsymmetrically distributed also and may con- 
tribute to the stability difference. 

Certain dyes [8] appear to stain the orthocortex 


The dyeing properties [6, 8] of the two 


exclusively, and in cross section it is noted that the 
ratio of stained to unstained area is variable from 
fiber to fiber. Taken along with the finding that the 
paracortex is richer in cystine, this would imply that 
the cystine content differs from fiber to fiber. Speak- 
man and collaborators [2, 12] have reported varia- 
tions in sulfur content. It would thus seem that 
fibers having a high cystine content could have a pre- 
dominantly paracortical character which would accord 
with the observation by Speakman e¢ al. [12] that 
the fibers high in sulfur are stiffer, straighter, and 
show slower creep. These same fibers appear to be 
the primary fibers of the fleece [2]. 

It has been pointed out elsewhere [7] that the 
ortho-para differentiation appears to be related to 
the unsymmetrical keratinization occurring in the 
curved follicle of the sheep skin. The paracortex be- 


HEATH 
ORTHOCORTEX ane 


PARACORTEX 


Fic. 1. The hypothetical development of ortho-para 
differentiation as a consequence of the unsymmetrical 
penetration of the “keratinizing agent” through the 
thinner side of the outer root sheath in an unsymmetrical 
follicle. 


gins to harden first, being on the side of the follicle 
having the thinner outer root sheath [1] and, to judge 
from the present work, is finally more completely 
hardened than the orthocortex (Figure 1). It may 
be inferred from this that there is an insufficiency of 
the “keratinizing agent” available in the skin or, in 
other words, the various follicles compete for the 
limited material. The concept of interfollicular com- 
petition for the substrate has already been advanced 
by Fraser [4] and others to account for quite different 
phenomena. 

Phillips and his colleagues |11], who discovered 
that the cystine displayed two main levels of reac- 
tivity, thought that these differences might be due to 
differences in the immediate molecular environment 
of the cystine residues. While the present experi- 
ments cast no particular light on the molecular causes 
of the different reactivities, they seem to demonstrate 
a histological distribution in the types of cystine 
cross-linkage, the most reactive fraction being largely 
in the orthocortex and the resistant being in the para- 
The like the classification into 
(4+ 8B) and (C+D) types, is not expected to 
be absolutely hard and fast. 

Other investigators found that residues resulting 
from enzymatic digestion of hoofs and similar kerati- 
nous materials are high in cystine [9]. This may indi- 


cortex. division, 


cate that other keratinous tissues are unevenly 
hardened. It would appear, however, that an unsym- 
metrical distribution at the histological level is to be 
expected only in the case of wool and other curled 
or crimped fibers. 
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Tensile Properties of Bristle Fibers 
Made from -- and s-Casein 


N. J. Hipp, M. L. Groves, and T. L. McMeekin 


Eastern Regional Research Laboratory,* Philadelphia, Pennsylvania 
Philadelphia, Pennsylvania 


Abstract 


The tensile properties of fibers made from a- and f-casein and unfractionated casein have been 
compared. §-Casein fiber, oriented by stretching, was considerably better than the other casein 
fibers, and values for its wet and dry tenacity compared favorably with corresponding values for 


wool. 


CASEIN is an important industrial protein having 
many uses, such as for making coatings, adhesives, 


and fibers. Textile fiber made from casein has 
reached large-scale production in several countries 
[2,4, 9,20]. The preparation of a bristle fiber made 
from casein has also been described [16], and the 
method has been made commercially available [1]. 
The low tensile strength and brittleness of casein 
fibers have limited their commercial value [3]. The 
low tensile properties of commercial casein fibers can 
be ascribed to a number of possible causes, such as 


* A laboratory of the Eastern Utilization Research Branch, 
Agricultural Research Service, U. S. Department of Agri- 
culture. 


The better fiber preperties of B-casein are a_crided to its moleciler structure. 


heterogeneity, the presence of nonprotein impurities, 
and a low degree of orientation. 

Casein is a mixture of at least three proteins [17], 
and the development of a practical method for the 
separation of the two principal components, a- and 
B-casein [11], has made these pure proteins available 
for the production of fiber. Since a- and B-casein 
differ markedly in amino acid composition [6], solu- 
bility [10], acid- and base-combining capacity, vis- 
cosity, and density [12], it was expected that the 
mechanical properties of fibers made from these two 
caseins would also differ. 

The present paper describes the tensile properties 
of bristle fibers made from a- and B-casein, and dis- 
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cusses the relationship of these properties to molec- 
ular structure. 


Material 
The unfractionated casein was prepared from skim 
milk by acidification, as described by Hipp and co- 
workers [10]. a- and B-casein were separated from 
a good grade of commercial casein by the aqueous 
urea method [11]. 


Extrusion 

For preparing small amounts of fiber, a sodium 
press was modified so that the die and plunger could 
be heated electrically. The die, with a hole 0.014 in. 
in diameter, was preceded by three graded stainless- 
steel sieves, which acted as breaker plates. The use 
of breaker plates permitted the extrusion of bristle 
fiber relatively free of air bubbles. Finely divided 
casein was mixed with water and allowed to swell 
for about 2 hrs. at room temperature in a closed 
vessel. Water contents of 40% and 42%, respec- 
tively, were found desirable for the extrusion of un- 
fractionated and a-caseins, whereas B-casein, contain- 
ing fewer polar groups [6], required only 31% water. 
Approximately 5 g. of the casein-water mixture was 
placed in the extruder cylinder and heated to 95°- 
100°C. The fiber, formed by extrusion into air, was 
wound on a drum rotating in water. 


Hardening 

The unstretched fibers were placed in 4% formal- 
dehyde or 1% quinone solutions at room temperature, 
under slight tension to prevent curling, for 20 hrs. 
The stretched fibers were partially hardened at room 
temperature by treatment with formaldehyde or qui- 
none before being stretched in water. Fibers made 
from a-casein required 2 hrs. in 0.2% formaldehyde 
before being stretched, as compared with 3 hrs. 
for fibers made from unfractionated casein. It was 
found desirable to treat B-casein for 2 hrs. with 0.8% 
formaldehyde before stretching it. For the quinone- 
hardened fibers, a pretreatment of 1 hr. was required 
for a-casein and unfractionated casein fibers, whereas 
B-casein fibers required 1.3 hrs. in 1% quinone. 
Under these conditions, draw ratios (D. R. = ratio 
of final to initial lengths) of from 3 to 3.5 were ob- 
tained. Conditions of prehardening that would per- 
mit greater draw ratios did not result in improved 
tensile properties [16] or orientation, as shown by 
x-ray measurements [22]. The stretched fibers were 
then hardened under the same conditions as the un- 
stretched fibers. After hardening, the fibers were 
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washed with water and air-dried, the stretched fibers 
being held in the stretched condition during drying. 


Testing 


Two machines * were used to study the tensile 
properties of the casein bristles. The Scott I-P-2 
Serigraph, a constant-rate-of-loading machine set for 
2-in. gage length, was used for tensile strength, and 
the Sookne-Harris autographic fiber tester [25], em- 
ploying 1-in. specimens, was used for the stress-strain 
properties. 

The denier of the fiber was determined by weigh- 
ing 9 cm, of dry, conditioned fiber on a microtorsion 
balance. (The denier of the fiber =the weight 
(mg.) x 100.) Dry-strength tests were made at 
73°F and 50% relative humidity after the fibers had 
been kept under these conditions for 24 hrs. Wet- 
strength tests were determined after the weighed 
samples had been soaked in distilled water for 4 hrs. 
in individual test tubes. Soaking the bristle fibers 
for 4 hrs. was sufficient to attain equilibrium ; further 
soaking gave essentially the same strength values. 

All the strength values obtained with the Scott 
machine are averages of 10 tests. In the reported 
average values, results that were more than 10% 
lower than the average value of all tests were not con- 
sidered in determining the tensile value. This is the 
method used by A.S.T.M. C-109-52 for the elimina- 
tion of faulty specimens when relatively few test 
specimens are available. The dry knot test, which 
is a measure of brittleness, was made on tight knots 
according to A.S.T.M. D-258-48T. Since the dry 
knots were not prestressed, as reported by Susich 
[27], elongation measurements on knot tests were 
not considered. The dry knot test gives a measure 
of the “flexibility” of the fiber, which is expressed 
as the relative knot tenacity, in percent. 

A constant rate of loading for the various denier 
fibers on the Scott inclined-plane tests was maintained 
by using the proper weight on the carriage to give 
1 g./den./min, for full scale, which would approxi- 
mate 2 g./den./min. for the fiber under test. 

The Sookne-Harris fiber tester was modified by 
increasing its capacity with heavy chains to accom- 
modate the load required to break the fibers. Only 
wet tests with the fiber immersed in water were made 
because it was not desirable to alter the capacity of 


* Mention of these machines does not imply their endorse- 
ment or recommendation by the Department of Agriculture 
over other machines of a similar nature not mentioned. 
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the machine sufficiently to break dry specimens. The 
highest jaw speed of the machine, 0.2 in./min., cor- 
responding to 20% elongation of the specimens per 
minute, could not be used because the recorded load 
fell behind the actual load in the straight-line portion 
of the stress-strain curve. Accordingly, the next 
highest jaw speed, 0.0885 in./min., was used, which 
corresponds to 8.85% elongation per minute. The 
fiber evaluation indices, as calculated by Smith [24], 
were used, except for the toughness index, which was 
calculated from the actual area under the stress-strain 
curve. 


Results and Discussion 


Table I gives the effect of orientation induced by 
mechanical stretching of partially hardened fibers 
on the tensile properties of a-casein, unfractionated 
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casein, 85% §-casein, and B-casein. The degree of 
orientation, as determined by x-ray, was highest for 
B-casein, which showed arcing in both the inner and 
outer rings. All the unstretched casein fibers, in- 
cluding the pure casein components a- and £-casein, 
showed the two diffuse rings of disorientated casein 
fibers, which have been illustrated by Happey and 
Wormell [7]. 

The dry and wet tenacities of all the various un- 
stretched fibers (D.R.= 1.0) in Table I are about 
equal and of the same order as reported by Peterson 
and coworkers [19] and Diamond [3] for casein tex- 
tile fiber. The increase in the wet and dry tenacities 
with the application of stretch confirms the findings 
of Nutting and coworkers [18] on orientated oval- 
bumin, and Diamond [3] on the stretched casein fiber 
Fibrolane B. The wet tenacity, however, was im- 





TABLE I. ErFrect oF ORIENTATION ON THE TENSILE PROPERTIES OF CASEIN FIBERS 





Fiber 
diameter§$ 
(mills) 


Draw 
ratioft 
(D.R.) 


Hardening 
agent 


Dry 
(g./den.) 


Tenacity 


Wet/dry 
tenacity 
ratio 


Elongation at break 
Dry Wet 
(%) (%) 


Wet 
(g./den.) 


Flexibility] 
(%) 


a-Casein (100%) 


Formaldehyde 
Formaldehyde 
Formaldehyde 
Quinone 
Quinone 
Quinone 


1.00* 
2.08 
3.0 
1.00* 
2.15 
2.98 


10.0 
7.9 
6.7 

10.6 
8.5 
6.9 


17 
.93 
1.06 
.78 
94 
1.17 


.19 
.23 
41 
.26 
37 
58 


87 
77 
42 
88 
75 
26 


32 
21 
22 
57 
34 
23 


20 
25 
39 
33 
39 
50 


Unfractionated Casein (75% a- and 25% 8-casein) 


Formaldehyde 
Formaldehyde 
Formaldehyde 
Quinone 
Quinone 
Quinone 


1.00* 
ya bg 
2.7 
1.00* 
2.0F 
3.2 


11.8 
8.7 
8.6 

12.3 
8.4 
7.1 


81 
94 
96 
7 
.99 
1.21 


24 
32 
31 
27 
39 
56 


89 
48 
36 
86 
50 
22 


53 
31 
21 
71 
34 
23 


85% B- and 15% a-Casein§ 


Formaldehyde 
Formaldehyde 
Formaldehyde 
Quinone 
Quinone 
Quinone 


11.5 
9.4 
4.4 

10.8 
8.9 
5.8 


.80 
95 
1.01 
82 
1.01 
1.48 


25 
33 
.64 
.29 
48 
75 


81 
63 
42 
78 
58 
23 


42 
25 
20 
50 
28 
17 


B-Casein (100%) 


Formaldehyde 
Formaldehyde 
Formaldehyde 
Quinone 
Quinone 
Quinone 


1.00* 
2.0 
3.27 
1.00* 
2.0 
3.13 


10.6 
6.9 
5.9 

10.1 
6.8 
6.3 


81 
1.04 
1.24 

81 
1.03 
1.26 


25 
40 
.78 
.29 
52 
.78 


88 
50 
26 
82 
76 
23 


55 
30 
25 
57 
38 
27 





* Average values of 3 extrusions. 
t Average values of 2 extrusions. 
t Ratio of final length to initial length. 


fibers. 
|| Ratio of dry knot tenacity to dry tenacity, in percent. 


§ Calculated from the average denier of the fibers by Sieminski’s formula [23]; 1.29 was used for the density value of the 


{{ Composition of the first 8-casein fraction obtained with aqueous urea fractionation [11]. 
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proved to a considerable greater extent than the dry 
tenacity, as shown by the increase in the wet/dry 
tenacity ratio. The increase in the dry and wet 
tenacities for unfractionated casein was about the same 
as reported by Diamond [3] for stretched casein tex- 
tile fiber. The increase was greater for B-casein than 
for a-casein and unfractionated casein at compara- 
ble draw ratios. Pure B-casein and 85% £-casein 
showed the greatest improvement in dry and wet 
tenacities when the fiber was orientated by stretching. 
The best values in Table I are higher than we have 
been able to find in the literature for casein fibers, 
and are about the same as those reported for wool 
[3]. In general, a greater improvement is obtained 
with quinone-hardening than with formaldehyde- 
hardening of the fibers. 

On stretching, the flexibility decreased markedly 
on both the quinone- and formaldehyde-hardened 
fibers. The same behavior was noted by McMeekin 
et al. [16] for quinone-hardened fibers at D.R. 
greater than 2.0; however, for D.R. less than 2.0, 
increased flexibility was obtained. A similar rela- 
tionship between stretch, tenacity, and flexibility was 
obtained by Nutting and coworkers [18] with orien- 
tated ovalbumin fibers. 

The decrease in the wet extensibility with in- 
creased strength and improved water-resistance of the 
stretched casein fibers is analogous to that found for 
oriented rayon. Sisson [14] pointed out that this 
may be due partly to a shifting of the amorphous 
regions, which are easily swollen and deformed, 
towards a more rigid crystalline state, where they 
are more strongly bound by polar forces and hydro- 
gen bonds. The reactivity and extensibility of cellu- 
lose are thus associated with amorphous portions, 
whereas strength and elasticity are associated with 
the crystalline state. The dry extensibility of casein 
fiber, however, increases on orientation by stretching, 
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Fic. 1. Stress-strain curves for formaldehyde-hard- 
ened fibers while immersed in water at 73°F with a 
constant rate of elongation of 8.85%/min. Unstretched 
a-casein, 834 den.; wnstretched B-casein, 644 den.; 
stretched a-casein (D.R. 2.64), 302 den.; stretched B- 
casein (D.R. 2.74), 222 den. 
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and is opposite to the behavior usually found for 
rayons [5, 14,15]. The increase in the dry extensi- 
bility and the decrease in the wet extensibility have 
also been reported for the casein textile fiber Fibro- 
lane by Happey and Wormell [7] and Entwistle [5]. 
Similar results have been reported for stretched oval- 
bumin fibers by Nutting et al. [18], who found that 
the dry extensibility increases to a maximum value 
and then decreases. The data in Table | indicate 
that the increase in dry extensibility might also reach 
a maximum value for casein, particularly 8-casein. 

Happey and Wormell [7] attributed the greater 
dry extensibility of the stretched casein fibers to the 
fact that the more folded and three-dimensional cross- 
linked chains of the unstretched fiber are more dif- 
ficult to disentangle, and that fiber rupture takes 
place earlier than in the stretched fiber, where the 
chains are more extended and tend to unfold even 
further on stretching. The forces resisting extension 
in casein fiber when stretched in water were shown 
by Hoover, Kokes, and Peterson [13] to be rubber- 
like—.e., the stress at a given elongation increases 
with an increase in temperature. These data may 
be interpreted as indicating an interaction between 
chains similar to that postulated by Happey and 


Wormell [7]. 


Stress-Strain Properties of a- and $-Casein Fibers 


The stress-strain properties of a- and B-casein fibers 
immersed in water at 73°F and at a constant rate of 
elongation of 8.85% /min. are summarized in Table 
II and illustrated in Figures 1 and 2. The values 
in the table are average values, and the curves in the 
figures are the actual curves for individual fibers. 
The data given in the last three lines in Table II were 
obtained from hysteresis curves in which the fiber was 
elongated and relaxed in increments of 1% to 10% 
elongation, and then at 5% intervals to break. The 
fiber was loaded and unloaded at 8.85% /min. 


LOAD, GRAMS 


20. +30 50 + 60 70 80 90 
ELONGATION, PERCENT 

Fic. 2. Stress-strain curves for quinone-hardened 
fibers while immersed in water at 73°F with a constant 
rate of elongation of 8.85%/min. Unstretched a-casein, 
995 den.; unstretched B-casein, 472 den.; stretched a- 
casein (D.R. 2.98), 186 den; stretched B-casein (D.R. 
3.13), 191 den. 
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The tenacity values in Table II are lower than 
those in Table I, a result expected from the known 
effect of the rate of loading on tenacity. The rate 
of loading with the constant-rate-of-elongation ap- 
paratus [25] used to obtain the data in Table II 
ranged from .1 to .4 g./den./min., compared with a 
constant rate of loading of 2 g./den./min. for the data 
in Table I. The lower wet tenacity at the low rate 
of loading is consistent with the low wet load at 
20% elongation reported by Harris and Brown [8] 
for casein textile fiber (Table II). 

Orientation by stretching of a- and £-casein fibers 
prehardened with formaldehyde or quinone affected 
the wet fiber properties in the following manner. 
The tenacity, modulus, stiffness, load at 30% elonga- 
tion, and work recovery at 25% elongation increased ; 
the elongation at break decreased; * the yield point 
was about the same for a-casein, but decreased for 
8-casein; the elasticity decreased, except for form- 
aldehyde-hardened f-casein, the elasticity of which 
increased; the toughness index increased for form- 
aldehyde-hardened fibers and decreased for quinone- 
hardened fibers; and the temporary set at 30% 
elongation was not changed by stretching. The data 
clearly demonstrate the improvement in fiber prop- 
erties obtained by the orientation of a- and B-casein 
fibers induced by the stretching of the partially hard- 
ened fibers. 


Stretched and unstretched quinone-hardened fibers 
(Table II) 


* The reported increase 
hardened a-casein is for the single fibers given in Figure 1, 
but the average values on a number of tests showed a de- 
crease in elongation at break. 


for formaldehyde- 





TABLE I. 


STREssS- STRAIN PROPERTIES oF WET a- AND 6 CASEIN “FIBERS 
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from a- and £-casein have superior fiber properties, 
as compared with the formaldehyde-hardened fibers. 
The higher elongation at break for the stretched 
formaldehyde-hardened fibers is compensated in the 
quinone-hardened fibers by the greater tenacity, which 
is reflected in the toughness index and stiffness. The 
higher value for the temporary set for quinone-hard- 
ened fibers and the consequent lower work recovery 
value reflect the lower rate of elongation recovery for 
quinone-hardened fibers that occurs on the relaxation 
cycle, compared with that for formaldehyde-hardened 
fibers as deduced from the hysteresis curves. Under 
test conditions which would compensate for the lower 
rate of relaxation recovery for quinone-hardened 
fibers, the temporary set of these fibers would ap- 
proach the value for the formaldehyde-hardened 
fibers, which is in agreement with the values reported 
by Harris and Brown [8] for 20% elongation. 

The quinone-hardened fibers have a considerably 
greater modulus than the formaldehyde-hardened 
fibers. The value found for formaldehyde-hardened 
casein fiber is in agreement with the reported value 
of 0.016 [8]. In view of the correlation of re- 
silience with work recovery and modulus, as estab- 
lished by Ray [21], the greater modulus, or re- 
sistance to deformation, for quinone-hardened fiber 
is significant. Harris and Brown [8] demonstrated 
that, with a decrease in cystine content, wool fibers 
stretched diminished resistance to 
elongation as well as decreased modulus of elasticity. 
Since the cystine content is a direct measure of the 
number of disulfide cross-links, this finding demon- 


in water show 








Formaldehyde- hardened 
Unstretched 


Qa 
Draw ratio (D.R.) 1.0 
Yield point (g./den.) .020 
Tenacity (g./den.) 07 


Elongation at break (%) (values from Figures 32. 62. 


1 and 2) 
Modulus (g./den.) per % elongation 0084 
Toughness index (g./den.)* 015 


tenacity X 100 
oe ) tenacity X 100 21 
Stiffness (g./den.) elongation (%) 


Elasticity (%) (elongation at yield point) 2.9 2.4 

Work recovery (%)tt Si. 63. 

Temporary set 10. 10. 
pty? pean 045 126.157 067.074 269 339 


Lead at 30% elongation (g./den.)t 045 


1.0 
071 .028 .026 .086 119 .082 085 
BY: 19 .26 17 17 .30 36 


Quinone- -hardened 
Stretched Unstretched Stretched 
a B a B a B 
2.64 2.74 1.0 1.0 2.98 3.13 


38. 46. 78. 96. 24. 26. 


.0096 013 012 027 .040 O41 061 
.033 .038 054 


.20 A9 


.060 .093 .042 047 
56 22 18 1.24 1.38 


1.8 3.7 3.2 2.2 1.6 1.7 
59. 71. 32. 33. 50. 49. 
3 8. 18. 18. 16. 18. 





* Area under stress-strain curve to break. 


+ From hysteresis curves where the fiber was elongated in increments of 1% to 10% elongation, and then at 5% intervals 


to break. 


t At 25% elongation, the area under the returning part of the curve, or work recovered, expressed as % work required to 


stretch the fiber. 


§ At 30% elongation. when zero load is reached during constant rate of relaxation. 





Jury, 1954 


strates the dependence of mechanical properties such 
as modulus on cross-links. The higher modulus for 
wet quinone-hardened fibers may also be attributed 
to an increase in effective cross-links. Quinone, how- 
ever, is not usually considered to be a cross-linking 
agent in the same sense as formaldehyde. The man- 
ner by which quinone increases the modulus may well 
be due to the deposition of quinone polymers in the 
fiber and not to chemical cross-links. Stoves [26] 
suggested that when human hair is boiled in aqueous 
benzoquinone to produce a “much less easily extensi- 
ble” fiber, the role of the amino group in the forma- 
tion of new linkages is demonstrated by the steadily 
diminishing formation of new linkages with increas- 
ing deamination of the fiber. Other experiments, as 
reported by McMeekin et al. [16], point to the prob- 
able availability of the e-amino group of lysine for 
the reaction of quinone with proteins, but these re- 
actions would account for only part of the total 


quinone that combines with casein. The modulus 


value obtained for quinone-hardened #-casein fibers 
approaches the modulus value of .10 for wet wool 
reported by Harris and Brown [8]. 

The superior wet stress-strain properties of fibers 
made from f-casein, particularly the quinone-hard- 
ened fibers, compared with fibers made from a-casein, 


are clearly demonstrated by the data in Table II. 
The same is true for the wet and dry tensile proper- 
ties reported in Table I. That B-casein should form 
fibers with properties superior to those of a-casein 
might have been predicted from the viscosity values 
reported by Hipp et al. [12], who found that the 
volume fraction intrinsic viscosity and the axial ratio 
were greater for B-casein than for a-casein. 

Recent preliminary determinations of the molecular 
sizes of a- and £-casein by Dr. Sam Sorof of The In- 
stitue for Cancer Research, Philadelphia, show that 
the sedimentation constants of the principal com- 
ponents of a- and f-casein are S,, = 4.8 and 13.3, re- 
spectively, in 0.15M NaCl at pH 6.9. These data 
indicate a molecular weight for e-casein of the order 
of 75,000-100,000 and for B-casein of 350,000, which 
are consistent with the viscosity values. The su- 
periority of the f-casein fiber can therefore be at- 
tributed to the higher molecular weight of 8-casein. 
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Modification of Wool by the Application of Linear 
Synthetic Polyamides 


Part IV: Application from Aqueous Medium* 


D. L. C. Jackson 
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Research Organization, Geelong, Australia 


Abstract 


N-alkoxymethyl polyamides may be applied to wool from aqueous dispersions containing a 


surface-active agent. 
addition of acid. 


If an anionic agent is used, the resin can be deposited on the wool by the 
For efficient deposition, the resin-detergent ratio must be chosen such that: 


(a) the net charge on the resin-detergent particles is opposite in sign to the charge on the fiber 
surface, and (b) the amount of detergent is insufficient to interfere with the nonfelting action of 


the resin. 


Using a sodium secondary-alkyl sulfate as anionic detergent and a resin-detergent 


weight ratio of 20:1, ethoxymethyl nylon has been applied to wool fabric from aqueous dis- 
persions at approximately pH 2.5. The felting shrinkage of the fabric can be reduced appreciably 


by depositing about 6% resin on it in this way. 





Introduction 


The application to wool of alkoxymethyl poly- 
amides from ethanol solution [3] involves the use of 
an inflammable solvent, and, although precautions 
can be taken to reduce the fire hazard, it would be 
preferable if this could be eliminated. The object 
of this work was to apply the resin from an aqueous 
solution or dispersion and at the same time retain its 
nonfelting effect on the wool. 

In order to obtain the maximum nonfelting effect, 
it is necessary that the resin be applied to the wool 
in the most disperse form possible, preferably from 
solution. The resin is insoluble in water, but it can 
be dispersed in water containing a small quantity of 
alcohol by the use of surface-active agents. In the 
present work, ethoxymethyl nylon has been applied 
to wool from such aqueous dispersions, and the opti- 
mum conditions of application for the attainment of 
nonfelting of the wool have been determined. 


Materials and Methods 
N-Ethoxymethyl Nylon 


N-ethoxymethyl nylon containing 8.8% total form- 
aldehyde was obtained from Imperial Chemical In- 


* Parts I-III appeared in the March, 1951, September, 
1951, and September, 1953, issues, respectively. 





dustries of Australia and New Zealand Ltd., Mel- 
bourne. 


Surface-Active Agents 

Sodium secondary-alkyl sulfate was prepared from 
Teepol 610 (Shell) by shaking with twice its vol- 
ume of n-butanol [4]. The top layer was distilled 
under vacuum until the sodium salt separated. This 
was filtered off and recrystallized twice from ab- 
solute alcohol. 

Refined cetyl pyridinium chloride, obtained from 
Leda Chemicals Ltd., England, was used without 
further purification. 


Wool 


A commercially scoured worsted fabric of the 
following construction was used throughout: weave, 
plain; warp yarn, 2/30’s worsted; weft yarn, 2/30’s 
worsted; ends/in., 27; picks/in., 20; weight (oz./ 
sq.yd.), 3.4. Except where stated otherwise, the 
fabric was Soxhlet-extracted with 95% ethanol for 
6 hrs., rinsed in three changes of distilled water, and 
conditioned in an atmosphere at 65% R.H. and 70°F. 
The fabric samples were weighed before treatment, 
and again conditioned and weighed after treatment 
to determine the increase in weight. Where surface- 
active agents were used in treatment, the increases 
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in weight quoted include both 
active agent. 


resin and surface- 


Felting Shrinkage 


All tests were carried out as described in Part III 


[2]. 


Experimental Procedure and Results 
Preparation of Aqueous Dispersions 


Aqueous dispersions of the resin may be obtained 
by slowly adding to water, with stirring, a solution 
of resin and sodium secondary-alkyl sulfate in aque- 
ous ethanol. The resin concentration of this solu- 
tion must be less than 4% to avoid immediate pre- 
cipitation. If the resin/detergent (R/D) ratio is 
not greater than 0.5:1, clear solutions are obtained, 
but this ratio may be increased to 25:1 without the 
resin precipitating, although the solution becomes 
turbid. These solutions or dispersions can be di- 
luted with a large excess of water without precipita- 
tion of the resin. 

Other anionic surface-active agents also give clear 
solutions, but their power of solubilizing the resin 
varies. Some anionic and cationic agents give only 
turbid solutions. 

The aqueous solutions or dispersions used in the 
following experiments were prepared by dissolving 
the resin in hot aqueous ethanol containing 25% v./v. 
water, and then dissolving the surface-active agent in 
this cooled solution. The required amount of this 
solution was added slowly to distilled water with 
stirring. 


Precipitation of Resin onto Wool from Solution with 
Anionic Detergent 


The resin may be precipitated onto the wool by 
immersing the fabric in the aqueous resin dispersion, 
and breaking the dispersion by means of acid, elec- 
trolyte, or heat. 

Almost complete exhaustion of the resin from solu- 
tion can be obtained, but the method of precipitation 
and also the R/D ratio have considerable effect on 
the efficiency of the resin deposit in preventing felt- 
ing shrinkage of the wool. 


Resin-Detergent Ratio 


Solutions of resin and sodium secondary-alkyl sul- 
fate of varying R/D ratios, each solution containing 
% resin, were prepared in 75% aqueous ethanol, 
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and 10 ml. of solution added slowly to 90 ml. water 
with stirring. Squares of wool fabric, weighing ap- 
proximately 4.5 g., were immersed in these solutions 
or dispersions at 25°C, and sufficient NHCIl was 
added to each to precipitate the resin onto the fabric. 
The solutions were almost completely exhausted after 
10 min. 

The fabrics were then removed from the solutions, 
rinsed, and immersed in 2N HCl at 25°C for 30 min. 
to hydrolyze the resin to the unsubstituted form. 
They were then washed in running water until free 
of acid, conditioned, and weighed. 

Area shrinkages for the samples after washing are 
given in Table I. 


Variation of Acid Concentration 


The optimum R/D ratio appears to be about 20:1. 
Another series of fabric squares was then treated as 
in the above experiment, but in all cases the R/D 
ratio was kept constant at 20:1, and varying quan- 
tities of NHCI were used to precipitate the resin at 
room temperature. 
Table II. 


Shrinkage results are given in 


TABLE I. VARIATION oF AREA SHRINKAGE 
WITH RESIN/DETERGENT RATIO 


Weight Area 

increase — shrink- 

of fabric age 
(%) (%) 


6.8 20 
5.3 20 
5.2 18 
6.4 15 
6.8 3 
25: 6.5 6 
30: 4.1 13 

a - -- 0 42 


NHCI 
added 


(ml.) 


Final 
pH of 


solution 


R/D 
ratio 
2:1 
5:1 

10:1 

15:1 

20:1 
1 
1* 


NRWNNN NH OD 
Nm N\ h& W& be ad bd 


* Some precipitation of resin occurred during preparation of 
dispersion. 


TABLE II. Variation oF AREA SHRINKAGE 
with Acip CONCENTRATION 





Weight Area 

increase — shrink- 

of fabric age 
(%) (%) 


+ | 0.5 4.1 6.1 17 
20:1 3.6 $2 10 
20:1 3.0 7.8 6 
20:1 . 2.4 7.9 6 
‘3 7 
21 
7 


NHC 
added 
(ml.) 


Final 
pH of 


solution 


R/D 


ratio 
20 


20 2.0 8.2 7 
20 1.9 . 3 
20 1.4 9 

— 42 
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The results indicate that the pH of the bath should 
be 3 or lower for optimum deposition of resin. 


Precipitation by Electrolyte and Acid 


A similar series of experiments was carried out 
using 2 ml. HCl and adding varying quantities of 25% 
NaCl solution after immersion of the fabric to pre- 
cipitate the resin. The fabrics were hydrolyzed and 
washed as before. The shrinkage results of these 
fabrics are given in Table III. It was observed that 
increasing the salt concentration increased the amount 
of resin precipitated in the solution and not onto the 
fabric. 


Precipitation by Heat and Acid 


Partial precipitation of the resin from the aqueous 
dispersions can be brought about by heat. In the 
absence of acid, however, the fabric has little affinity 
for the resin, which precipitates in the solution. A 
series of fabric samples was immersed in the aqueous 
resin/detergent dispersions using various R/D ratios 
and then the temperature was raised to 70°C. Suf- 
ficient NHCI was then added to each solution to pre- 
cipitate the resin onto the fabric. The samples were 

TABLE III. VARIATION oF AREA SHRINKAGE 
WITH ELECTROLYTE CONCENTRATION 





Weight 
increase 
of fabric age 


Additions 
25% 
NHC NaCl 
(ml.) (ml.) (%) (%) 


20:1 7.6 10 
20:1 5.8 10 
20:1 3.3 18 
20:1 : 2.9 24 
20:1 2.6 30 
1 
1 


Area 
shrink- 
R/D 


ratio 


20: 2.6 24 
20: 2.4 30 
- 0 41 








TABLE IV. EFrect OF PRECIPITATION OF 
Resin BY AcID AND HEAT 








Weight Area 

increase shrink- 
NHC of fabric age 
(ml.) (%) (%) 


1.5 9.1 15 
7.9 15 
6.7 13 
5.6 10 
5.3 6 
4.1 9 
7.0 4 
0 42 
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hydrolyzed as before and area shrinkages determined 


(Table IV). 


Use of Cationic Detergent 


A solution of resin and cetyl pyridinium chloride 
in 75% aqueous ethanol was prepared using the same 
R/D ratio as for the anionic detergent (3% resin, 
0.15% detergent). Varying quantities of this solu- 
tion were added to distilled water, with stirring, to 
give a total volume of 100 ml. Stable, turbid dis- 
persions were formed. Fabric samples were added 
to these dispersions, and the resin was deposited onto 
the wool by the addition of 5 ml. 0.5 NaOH to each 
dispersion at room temperature. 

The dispersions were almost completely exhausted 
after 10 min. The fabrics were rinsed in water and 
immersed in 2N HCl at 25°C for 30 min. They 
were then washed, conditioned, and weighed as 
before. 

Area shrinkages for the samples after washing are 
given in Table V. 


Effect of Pretreatment of Wool 


It has been shown [2] that if the wool is given a 
pretreatment, such as extraction with ethanol or 
bleaching with hydrogen peroxide, then the resin is 
much more effective in reducing felting when applied 
from ethanol solution. The effect of these pretreat- 
ments on the felting shrinkage of wool fabric treated 
by the method described herein is shown in Table VI. 
Samples were: (a) treated in 2 vols. hydrogen per- 
oxide solution at 50°C at pH 10 for 4 hrs., using 
0.8% sodium pyrophosphate as stabilizer; (b) ex- 
tracted in a normal Soxhlet apparatus with 95% 
ethanol for 6 hrs.; and (c) given no pretreatment. 
They were then immersed in dispersions containing 
varying quantities of the resin-detergent solution 
(3% resin, 0.15% sodium secondary-alkyl sulfate). 





TABLE V. Errect oN AREA SHRINKAGE OF RESIN 
APPLIED FROM CATIONIC DISPERSION 





Weight 
increase 


Resin- 
detergent 
solution of fabric shrinkage 


(ml.) (%) (%) 


0 41 

5 , 33 
10 A 37 
15 ‘ 37 
20 , 37 
25 , 39 
30 . 36 


Area 
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The resin was exhausted onto the fabric by addition 
of NHCI, the final pH being approximately 2.5. 


Discussion 
Preparation of Aqueous Dispersion of the Resin 


Advantage is taken of the solubilizing power of 
certain surface-active agents. The solubilization in 
aqueous media of hydrocarbons and other nonpolar 
materials is well known, but in the present instance 
we are dealing with the solubilization of a high 
polymer. There can be little doubt that micellar 
solubilization is involved. If ethanol is added to a 
clear solution of the resin containing 0.2% resin, 
0.4% sodium secondary-alkyl sulfate, 8% ethanol, 
and 92% water, the solution becomes turbid when the 
ethanol concentration approaches about 40%. This 
concentration corresponds approximately to the point 
at which micelles are no longer formed [5]. If the 
alcohol concentration is then increased still further, 
the solution becomes clear again because the resin 
itself is soluble in aqueous solutions containing more 
than 60% ethanol. 

An exhaustive examination of the solubilizing 
power of different surface-active agents has not been 
attempted. Most of the work reported here was 
done using sodium secondary-alkyl sulfate, which 
will give clear solutions if the R/D ratio is 1:2. Dis- 
persions prepared using higher R/D ratios—e.g., 
20:1—were found to produce deposits which were 
more effective in reducing felting shrinkage. This 
is to be expected, as it has already been shown [2] 
that anionic surface-active agents can reduce the ef- 
ficiency of the resin deposit when they are present 
during deposition of the resin. 


Deposition of the Resin from Aqueous Dispersion 
onto Wool 


The general mechanism for deposition from a dis- 
persion containing an anionic detergent at pH 2.5 is 
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as follows: The wool fibers will carry a + charge 
and the resin-detergent micelles will bear — charge, 
assuming there is an excess of detergent ions. Con- 
sequently, the micelles will be attracted to the fibers, 
and on arrival at the fiber surface the detergent will 
be absorbed by the wool, leaving the resin on the 
surface. The net charge on the micelles will be the 
sum of the charge on the detergent ions and the charge 
on the resin particles. The former will not change 
with pH, but the latter will be — if the pH of the 
dispersion is above the isoelectric point of the resin 
and + if it is below. Therefore, at low pH values, 
the charge on the resin-detergent particles will be 
— or + depending on whether the detergent or the 
resin charge is greater. Observation under a micro- 
scope of the movement of the particles between two 
electrodes attached to a microscope slide and be- 
tween which a potential of 135V D.C. is applied 
shows that for a R/D ratio of 20:1, the particles move 
to the anode at all pH values. Therefore, the resin- 
detergent particles always bear a — charge. Simi- 
larly, it was found that with a cationic detergent 
(cetyl pyridinium chloride), using a R/D ratio of 
20:1, the resin-detergent particles have a net + 
charge at all pH values. 

If, however, the detergent concentration is reduced, 
the resin charge can exceed the detergent charge. 
Stable dispersions can be prepared with cetyl pyri- 
dinium chloride using a R/D ratio of 40:1, and under 
these conditions the charge on the resin-detergent 
particles changes at about pH 5. 
the data compiled in Table VII. 

Some deposition occurs at pH 5 with a R/D ratio 
of 40:1, but not with 20:1. This is probably because 
most of the detergent is adsorbed by the wool in the 
former case, but in the latter case there is sufficient 
detergent remaining in the dispersion to hold up the 
resin. 


Thus, we have 





TABLE VI. Errect oF PRETREATMENT ON AREA SHRINKAGE 





Resin concen- 
tration on 
Resin-deter- weight of wool 
gent solution (theoretical) 
(ml.) (%) 
0 
3.4 
5.1 
6.8 
8.5 
10.2 
13.6 


Hydrogen peroxide 
Weight 
increase 

(%) 
3.1 
4.9 
6.0 
8.0 
9.7 

13.2 


Area 
shrinkage 
(%) 

28 


Pretreatment 
Alcohol extraction 
Weight 
increase 


(%) 


None 

Weight 

increase 
(%) 
3.4 
5.1 
6.8 
8.5 
10.2 
13.6 


Area 
shrinkage 
(%) 
- 38 
3.4 17 
4.8 14 
6.2 7 
7.6 10 
9.6 9 
12.7 3 


Area 
shrinkage 
(%) 

40 
34 
33 
29 
30 
27 
23 





TABLE VII 





Attraction 
between 
resin- 
detergent 
and wool 


Sign of charge 


Deter- 
gent Net Wool 


20:1 25 + - — + appreciable 
§$ = woe + very slight 
i0 — — none 


R/D 


Detergent ratio pH Resin 


Anionic 


20:4 °.25 
5 
10 


Cationic none 
very slight 


appreciable 


Cationic 40:1 2.5 
5 
10 


none 
very slight 
none 


+++ +44 





The obvious methods of application of resin from 
aqueous dispersions to wool are therefore (1) dep- 
osition from an anionic detergent dispersion under 
acid conditions, and (2) deposition from a cationic 
detergent dispersion under alkaline conditions. 

It is necessary to use sufficient detergent to pre- 
vent the variation in charge with pH of the resin 
from affecting the sign of the charge on the resin- 
detergent particles or micelles. With both sodium 
secondary-alkyl sulfate and cetyl pyridinium chloride 
a resin/detergent ratio of 20:1 by weight was found 
to give satisfactory deposition, although better ex- 
haustion of resin onto the fabric was obtained with 
anionic detergent. 

On the other hand, satisfactory deposition cannot 
be obtained with quantities of detergent largely in 
excess of these. It seems probable that if a relatively 
high concentration of detergent ions is present in the 
dispersion, there still remains a sufficient amount to 
prevent deposition of the resin after the wool has be- 
come saturated, 

Aickin [1] has shown that the adsorption of 
sodium secondary-alkyl sulfates by wool, both from 
neutral and acidic solutions, increases with concen- 
tration until a critical concentration of approximately 
0.27 x 10°°N is reached. At this concentration wool 
is able to adsorb about 10 milliequivalents per 100 g. 
dry wool of the alkyl sulfate from neutral solution 
and about 80 milliequivalents per 100 g. dry wool 
in the presence of 0.1N HCl. Using a R/D ratio 
of 20:1 under the experimental conditions described 
here (5 g. wool, 0.15 g. sodium secondary-alkyl sul- 
fate, etc.), the detergent concentration corresponds 
approximately to 10 milliequivalents per 100 g. wool, 
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and so the wool should adsorb most of this in acid 
solution. 

This may account for the more effective exhaustion 
of resin onto the wool found with the anionic dis- 
persions, as the anionic detergents are adsorbed by 
wool to a greater extent than the cationic detergents. 
The lower felting shrinkages obtained, using anionic 
detergents as compared with cationic detergents, are 
probably due to the greater adverse effect already 
found with the latter [2]. 

The rate of precipitation of the resin from aqueous 
dispersion may be increased by addition of electrolyte, 
but the resin then tends to be precipitated in solution 
instead of on the fiber. 


Hydrolysis of Resin 

In all the experiments described, the wool samples 
were removed from the deposition bath and the resin 
was hydrolyzed separately in 2N HCl, according to 
the procedure previously described [3]. It is possi- 
ble to carry out the hydrolysis by increasing the acid 
concentration in the deposition bath. Concentrations 
of HCl! lower than 2N can also be used, particularly 
if the time and temperature of hydrolysis is increased. 


General Discussion 


The degree of nonfelting achieved by this method 
of resin deposition is not as great as can be obtained 
by application of the resin from ethanol solution. 
Larger quantities of resin are required in the aqueous 
method in order to obtain a given degree of nonfelt- 
ing. For a given amount of resin, however, the 
handle of a fabric treated by the aqueous method is 
better than that of a fabric treated by the alcohol 
solution method. 

As with the solution method of application, the 
nonfelting effect of the resin deposit is considerably 
improved if the wool is given pretreatment before 
the resin is applied. 

The general advantage of the aqueous method of 
application is the ease with which the process may be 
carried out. There is little, if any, saving in alcohol, 
as the resin must first be dissolved before it can be 
dispersed ; also, there is no saving in resin. 


Conclusions 


1. Stable aqueous dispersions of alkoxymethyl 
polyamides can be prepared by adding to water a 
resin-detergent solution in 75% aqueous ethanol. 

2. The resin may be applied to wool from such 
dispersions, and it is possible to eliminate felting 
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shrinkage with approximately 7% of resin on the 
fabric. 

3. Best results have been obtained by dispersing 
an alcoholic solution containing 3% resin and 0.15% 
sodium secondary-alkyl sulfate in water, immersing 
the wool in this dispersion, and lowering the pH of 
the dispersion to about 2-3 with acid. 

4. Cationic detergents can also be used to disperse 
the resin solution in water; a solution in 75% aque- 
ous ethanol of 3% resin and 0.15% cetyl pyridinium 
chloride has been used for this purpose. The wool 
is then immersed in the aqueous dispersion, and 
sodium hydroxide is added to increase the pH to 
about 10. This treatment is not as effective in re- 
ducing felting shrinkage. 

5. For satisfactory deposition of resin, the charge 
on the wool must be of an opposite sign to the net 
charge on the resin-detergent micelles. 
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6. As with treatment by the solution method, it is 
necessary to pretreat the wool—e.g., by ethanol ex- 
traction or with hydrogen peroxide solution—to give 
optimum reduction in felting shrinkage. 
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Effect of Crimp on Mechanical Properties 


of Wet Wool 


R. A. O’Connell and A. S. Yeiser 


Western Regional Research Laboratory,* Albany, California 


Abstract 


Single wool fibers of similar diameter but of several levels of crimpiness were selected from 


a shoulder sample of Suffolk wool and the stress-strain properties compared. 
tion is found between several mechanical properties and fiber crimpiness. 
fibers exhibit greater stresses for equivalent strains than do highly crimped fibers. 


High correla- 
The low-crimped 
Differences 


among the mechanical properties of fibers from differing breeds, Rambouillet, Suffolk, and 
Navajo, were also found to reflect the differences in fiber crimpiness inherent to these breeds. 





Introduction 


In a recent paper [8] from this laboratory on the 
mechanical properties of wools from sheep of several 
breeds reared in a single environment, it was reported 
that significant differences existed in the mechanical 
properties of the wools from the several breeds. It 
was further reported that the dependency of the 


* Bureau of Agricultural and Industrial Chemistry, Agri- 
cultural Research Service, U. S. Department of Agriculture. 


mechanical properties of the fibers on diameter dif- 
fered greatly from breed to breed and that apparently 
a correlation exists between crimpiness of the fibers 
and the differences observed in stress-strain behavior. 

In the previous study no measurement of crimpi- 
ness was attempted, but it was observed that certain 
breeds produce crimpy wools while others produce 
straighter fibers. We have now extended this study 
to include an estimate of the amount of crimp in in- 
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dividual fibers. We made rough counts of crimps 
and ranked fibers in their order of relative crimpiness, 
and against these we compared the mechanical proper- 
ties of the fibers. Since this subject is currently im- 
portant in wool technology, it seems advisable to re- 
port our progress in these studies. 

Recently several important publications on crimp 
have appeared. Goldsworthy and Lang [5] showed 
that wool possesses a strong tendency to coil when 
suspended in various liquid media but could find no 
correlation between the degree of coiling and the 
number of crimps in the fiber. Horio and Kondo 
[6] by differential dyeing and, simultaneously, Mercer 
[7], through partial enzymatic digestion, demon- 
strated that the wool fiber possesses a bilateral spiral- 
ing structure ; they have further shown that the same 
side of the fiber always faces into the crimp wave and 
that thus the fiber must rest in a twisted position. 
Mercer designated the part which is chemically more 
stable and faces inward as the “paracortex” and the 


less stable outside as the “‘orthocortex.”” These work- 


ers did not investigate the possibility of correlation 
of their findings with stress-strain properties. 

Dillon [3] showed that the presence of crimp in 
nylon and Dacron results in lowered tensile proper- 
ties, and he further demonstrated that crimp in wool 


lowers the initial modulus ; however, he indicates that 
the more crimped wool fiber exhibits higher stresses 
beyond the yield point than does the less crimped 
fiber. Barach and Rainard [1] artificially introduced 
crimp into low-crimped wool and found that all the 
tensile properties were severely lowered. 

Our previous study [8] showed that fibers from 
the highly crimped Rambouillet and Suffolk breeds 
possess a negative dependency of mechanical proper- 
ties on diameter—that is, as the diameter increased, 
the observed values for the mechanical properties 
decreased. The low-crimped Lincoln and Navajo 
wools exhibited a positive or zero diameter depend- 
ency. In that study Young’s Modulus, as taken 
along the first part of the stress-strain curve, was 
found to be the best of the properties studied for 
showing differences; for this study we have ex- 
amined this property almost exclusively. 

The methods used were similar to those used 
previously—namely, constant-rate-of-load testing of 
the wet fiber at a rate of 2 g./gx./min., based on the 
grex as determined vibroscopically at 70°F (21°C) 
and 65% R.H. Two alternative methods were used 
to estimate the crimp in the fibers : visual ranking and 
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count of half-waves. In some instances both methods 
were employed. When counting was used, the count 
was divided by the length of the uncrimped fiber to 
estimate the number of crimps per millimeter. Prior 
to estimation of crimpiness, the fibers were soaked in 
water to relieve strains, since the crimp form is often 
entirely different in wetted fiber from that in the 
staple, as shown by Woods [9}. 


Experimental Results 


In order to obtain as wide a range of crimp as 
possible from a single sample, one of the Suffolk 
samples (no. 11 of the previous report) was chosen. 
From this sample three groups of fibers were care- 
fully selected so as to obtain a group with high crimp, 
one with medium crimp, and one of low crimp. Most 
of the fibers had a crimp range between the high and 
medium crimp classes and only an extremely small 
percentage were in the low-crimp class. 

As a first analysis, Young’s Modulus was plotted 
against diameter for the individual fibers; Figure 1 
shows the effect of crimp level on the diameter de- 
pendency of Young’s Modulus. Random selection 
from this sample previously gave the nonsignificant 
regression coefficient of Young’s Modulus on diame- 
ter of — .07; here the selected high-crimp group had 
a highly significant regression coefficient of — 0.18. 
Neither the medium-crimped nor the low-crimped 
group was found to be dependent on diameter. The 
spread of points around both the high and medium 
crimp regression lines (with standard deviations from 
regression of 0.7 and 1.1, respectively) was less than 
that for the randomly selected group, which had a 


‘e 
SUFFOLK WOOL (Hv 759) 
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DIAMETER, MICRONS 

Fic. 1. The effect of crimp level on diameter 

dependency of Young's Modulus. 
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standard deviation from regression of 1.7. The low- 
crimp group showed a wider spread; however, it is 
likely that none of these fibers was included in the 
random group because they were very few in num- 
ber. To eliminate diameter effects, another selection 
was made from the same sample. In this case the 
individual fibers were screened by means of the vibro- 
scope and a group of fibers was assembled in which 
all the fiber diameters fell in the range from 39 to 
41p. Several of the fibers from the first group were 
included, because they met this restriction. The 
number of crimps was then counted for each fiber. 
In counting crimps we gave each half-wave unit value 
and either ignored small irregularities or lumped 
several together and counted them as one crimp. 
The count of crimps is at best only relative ; however, 
as the data indicate, they have significance. 

Part of this sample was also rank ordered from 
least to most crimp and, with Young’s Modulus as 
the property for comparison, a rank order correlation 
coefficient was calculated (Dixon and Massey [4]). 
A highly significant value of r, = 0.85 was obtained 
for 17 fibers, indicating a very strong correlation be- 
tween visual ordering and Young’s Modulus. The 
values for Young’s Modulus were then plotted against 
crimps per millimeter; Figure 2 illustrates the influ- 
ence of crimp on Young’s Modulus when diameter 
is held constant. A straight line has been drawn 
through the points ; however, there is no obvious rea- 
son for a linear relationship. In fact one would ex- 
pect the zero Young’s Modulus to be approached 
asymptotically. 

Other similar experiments with wool from differ- 


SUFFOLK WOOL (759) 


ROI mer tl ate 
CRIMPS PER MILLIMETER 
Fic. 2. The influence of crimp on Young’s Modulus 
when diameter is held constant (39 to 41 pn). 
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ing breeds of sheep were carried out, with very much 
the same results. It was found that the crimp count- 
ing was more difficult in the more highly crimped 
fibers, but the relationship between crimp count and 
Young’s Modulus was more clearly defined. With 
the low-crimped fibers, such as Navajo wool or Mo- 
hair, a low correlation was obtained between crimp 
count and Young’s Modulus, and also between rank 
order and Young’s Modulus. 

In Figure 3 we have gathered all the individual- 
fiber data, which include those for high-crimped 
Rambouillet wool, medium-crimped but coarse Suf- 
folk wool, and low-crimped Navajo wool. Although 
the spread of the data is considerable, the trend is 
obvious; no consideration was given to fiber diame- 
ter and this fact, along with the inadequacy of simple 
crimp count, may account for the variability. In 
general the coarser fibers tend to have lower values 
for Young’s Modulus than do finer ones when crimp 
is the same ; however, no precise relationship between 
crimp and diameter, as they affect Young’s Modu- 
lus, could be established. Attempts to diminish the 
spread in the data through empiri :al relationships met 
with little success. 

A relationship similar to that for Young’s Modulus 
is found when the stress at 30% extension is plotted 
against the number of crimps per millimeter. Again 
the stress decreases as the crimp increases, although 


e RAMBOUILLET 
© SUFFOLK 
*» NAVAJO 


2 16 16 


4 6 8 O02 
CRIMPS PER MILLIMETER 
The influence of crimp on Young’s Modulus 


of fibers from 2 Rambouillet, 4 Suffolk, and 2 Navajo 
sheep. 


Fic. 3. 
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the effect is not as great as in the case of Young’s 
Modulus. 


Discussion 


Previously it was shown [8] that differences in 
mechanical properties exist among wools from several 
breeds of sheep, but the effect of crimp was not in- 
vestigated in that study. It is now evident that a 
large part of these differences must be identified with 
crimp differences although the ability to produce 
crimped fibers may well be inherent in a breed. 
Other properties, such as diameter, ellipticity, or dif- 
ferences in histological composition, may also influ- 
ence the tensile properties; the interrelationship be- 
tween these properties and crimp is not at present 
understood. 

Barker and Norris [2] from theoretical considera- 
tions proposed the relationship : 


Constant = n AVbjavE, 


where n is the number of crimps per inch, A is the 
cross-sectional area, b/a the contour figure or ellip- 
ticity of the fiber, and E is the elastic modulus. Al- 
though we did not measure the major and minor axes 
of the fibers tested, our data could not be made to 
satisfy this relationship, even when extreme values 
were assumed for the contour figure. 

Dillon [3] recognized that crimped fibers display 
a reduced modulus and observed that, since the length 
along the outside of a crimp is greater than it is along 
the inside, stresses will not be distributed uniformly 
in the fiber and a lowering of the initial modulus re- 
sults. For a fiber with a homogeneous composition, 
this consideration must play a dominant role in the 
explanation of the effect of crimp. With the wool 
fiber the possible bilateral internal structure intro- 
duces considerations which complicate a simple mor- 
phological view. In addition the case of wool is 
complicated by the presence of cuticular layers which 
may contribute unequally to the tensile properties. 
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Further (possibly minor) considerations stem from 
the experimental methods used to determine the cross 
section and length of the test fiber. The fiber length 
assumed in the calculation of the cross-sectional area 
from vibroscopic data may be too low when crimp is 
present, causing an overestimation of the fiber cross 
section. Furthermore, extrapolation of the Hookean 
portion of the stress-strain curve to zero stress tends . 
to underestimate the length of crimped fibers. Both 
of these artifacts tend to reduce the calculated tensile 
properties of crimped fibers. 

The only conclusions we are able to draw at present 
are that wool fibers which differ in crimp differ sig- 
nificantly in tensile properties and that waols pro- 
duced by differing breeds of sheep tend to have simi- 
lar tensile properties when crimp is taken into con- 
sideration and its effect discounted. This would im- 
ply that the tensile properties of wool fibers are de- 
termined by the fiber geometry, principally fineness 
and crimp. However, the authors are inclined to 
view both crimp and the attendant modification of 
tensile properties as reflections of more fundamental 
histological differences among wool fibers. 
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Nylon Colored with Large Vat Dye Particles 
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Pont de Nemours & Company, Inc., Wilmington, Delaware 


Abstract 


The presence of relatively large particles of a vat dye in nylon has been found to give out- 


standing lightfastness. 


Nylon colored with large particles of “Ponsol” Red BN required expo- 


sures in the Fade-Ometer of more than 200 hrs. in order to obtain perceptible change in color. 
Ordinary dyeing procedures, in which extremely small particles of dye are deposited in the nylon 


fiber, lead to Fade-Ometer-fastness for this color of less than 10 hrs. 


There are indications that 


this phenomenon is characteristic of many members of the vat color class. 


Introduction 


Although vat dyes hold a pre-eminent position as 
colorants for cellulosic fibers because of their ex- 
cellent washfastness and lightfastness, they have been 
used very little on nylon. One of the major reasons 
for this was the generally poor lightfastness of these 
colors on nylon, a phenomenon that was recognized 
[12, 13] in the first studies on the dyeing of nylon. 
More recent studies by Saville [11] demonstrated 
that only selected blue and green vat dyes are ap- 
preciably fast on nylon, and even in these cases un- 
desirable color changes were found to occur in less 
than 100 hrs. of Fade-Ometer exposure. These 
findings were confirmed by Egerton [6] and by 
Bamford and Dewar [2] in their studies on the 
tendering of nylon by vat dyes. 

It has been reported that the lightfastness of vat 
dyes on nylon is increased by steaming at pressures 
above atmospheric pressure [5]. However, this 
treatment leads to the formation of relatively large 
vat dye crystals on the fiber surface [11] due to the 
migration of color through the softened polymer [4]. 
In view of several other studies [3, 7, 8, 9, 10] on 
the aggregation of vat and azoic colors in cotton, 
together with increased lightfastness due to this ag- 
gregation, the present study was undertaken to de- 
termine the effect on lightfastness of increasing the 
particle size of vat dyes inside nylon fibers. 


Discussion 


Wet-spun yarns were used in this investigation, 
since large dye particles could easily be incorporated 
into the fiber by dispersing the color into the polymer 


solution prior to spinning. In addition, it was found 
that certain vat dyes—e.g., ““Ponsol” Red BN—form 
large dye particles inside wet-spun nylon fibers by 
conventional dyeing techniques. Both of these colored 
wet-spun yarns showed extremely high light-dura- 
bility, as determined by Fade-Ometer exposures. 
For example, yarns pigmented with large particles 
of “Ponsol” Red BN showed no appreciable change of 
color with exposures as long as 200 hrs.; conven- 
tionally dyed, wet-spun yarn was stable for 100 hrs. 
On the other hand, melt-spun nylon yarns dyed by 
conventional methods with the same dye and exposed 
at the same time faded badly in less than 10 hrs. 
Similar results were obtained with the other vat dyes 
listed in Table I, except that first fading for the blue 
and green dyes on melt-spun yarn was observed at 
60-80 hrs. of exposure, in confirmation of the results 
reported by Saville. 

In Figure 1, the photomicrographs of fiber cross 
sections, magnified at 500 diameters, demonstrate that 
dye in the yarn pigmented with “Ponsol” Red BN was 





TABLE I. Properties oF PIGMENTED, WeEtT-SPUN 
NyLon YARNS 


Amount Tensile 
of draw 


Elongation 
strength* at break 
(%) (g./den.) (%) 
Ponsol Yellow AR 350 1.98 20 
Ponsol Red BN 400 3.7 18 
Ponsol Jade Green 400 2.6 16 
Ponsol Dark Blue BRA 400 3.3 15 
Uncolored control 400 2.9 22 


Vat dye present 


* Tensile strength was determined using an inclined-plane 
tester. 





. 


Fic. 1. Micrographs of yarn cross sections at a mag- 
nification of 500 diameters. A—Pigmented, wet-spun 
yarn. B—Wet-spun yarn dyed by conventional pro- 
cedure. C—Melt-spun yarn dyed by conventional pro- 
cedure. In all cases the dye was “Ponsol” Red BN. 
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present in the form of large particles. The same is 
true for wet-spun yarn dyed by conventional pro- 
cedures. On the other hand, in melt-spun yarn the 
dye particles were so small as to be undetectable. 
Cross sections were also made from yarns colored 
with the dyes listed in Table I. In every case, the 
wet-spun yarns contained dyes of large particle size, 
whereas dye particles were not visible in the melt- 
spun yarns. 

In order to obtain a rough estimate of the average 
particle radii in these yarns, the procedure of Bailey 
[1] for ‘determining the particle size of pigments by 
light scattering was modified to fit the unique case 
of a colored particle. This modified procedure was 
developed for the dye “Ponsol” Red BN, chosen as a 
typical case. The data obtained indicated the average 
particle radii of dye in the melt-spun yarn to be of the 
order of 0.0104, as compared to 0.095-0.100 » for 
dye both in the conventionally dyed, wet-spun yarns 
and in the wet-spun, pigmented yarns. Although 
these data indicate an order of magnitude effective 
for greatly increasing the lightfastness of vat dyes on 
nylon, they do not take into account the effect of size 
distribution. It is believed that even better results 
would be obtained if a high degree of particle size 
uniformity could be achieved. 


Experimental 
Materials 


For this work a high-molecular-weight polyhexa- 
methyleneadipamide, characterized by an intrinsic 
viscosity [y] in 90% formic acid of 1.7, was used. 
The vat dyes employed were specially purified 
samples. 


Preparation of Spinning Solutions 


The preparation of polymer solutions for wet- 
spinning was accomplished by the following pro- 
cedure: 100 g. of flake nylon polymer was stirred 
in a mixture of 242 g. of 100% formic acid and 8 g. 
of phenol until solution was complete. Dye slurries 
were prepared by ball-milling overnight a mixture 
of 1 g. of dye in 50 ml. of 100% formic acid. The 
spinning mixture was prepared by the addition of 
12.5 ml. of dye slurry to 87.5 g. of polymer solution. 
After thorough stirring to assure complete dispersion 
of dye, the spinning solution was used immediately 
for yarn preparation. Out of each such run, one 
87.5-g. portion of the polymer solution was used 
directly for the preparation of uncolored, wet-spun 
yarn as a control. 
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Preparation of Wet-Spun Yarn 


Wet-spun yarn was prepared by extrusion of the 
spinning solution through a spinneret into a 35% 
aqueous solution of sodium hydroxide heated to 
85°C. The extruded solution coagulated as soon 
as it left the spinneret, and the coagulated filaments 
were kept immersed in the caustic for 4 min. as they 
were drawn through the bath at a rate of 24 ft./min. 
These yarns were then cold-drawn 350%—-400%, 
washed for 2 days in cold running water, twisted 2 
turns/inch, and then wound on a cone. Properties 
of these yarns are described in Table I. For greater 
ease of handling, they were knit into tubing. 


Melt-Spun Yarn 


Melt-spun yarn was prepared from the same sam- 
ple of nylon polymer employed in wet-spinning. In 
this instance, the polymer was placed in a small auto- 
clave fitted with a 10-hole spinneret at its base. The 
autoclave was heated to 280°C, and molten polymer 
was forced through the spinneret under pressure. 
The extruded filaments were wound up as a bundle 
on a bobbin. The fibers were cold-drawn 380% 
to obtain a 10-filament, 24-den. yarn. The tensile 
strength of this yarn was 3.4 g./den., and the elonga- 
tion at break was 29%. For greater ease of han- 
dling, this yarn was also knit into tubing. 


Dyeing Procedure 


Uncolored yarns were dyed by the following pro- 
cedure: Dye reduction was accomplished by the ad- 
dition of 50 mg. of dye to 200 ml. of water containing 
5 ml. of 20% sodium hydroxide, 0.1 g. of “Duponol” 
ME dry fatty-alcohol sodium sulfate, 1 g. of sodium 
hydrosulfite, and 2 g. of powered “Sulfoxite” C dye 
reducing agent. This mixture was heated to 80°C 
and kept at that temperature until dye reduction was 
complete, as judged by color change and complete 
solution of the dye powder. Then a 5-g. section of 
scoured nylon was immersed in the bath, and the 
temperature was increased to 90°C. After 45 min., 
the nylon was removed and rinsed. It was allowed 
to stand in air for approximately $ hr., during which 
time air oxidation converted the dye to the oxidized 
form. The dyed nylon section was then acidified in 
a bath containing 5 ml. of 2% acetic acid in 200 ml. 
of water. The section was then rinsed and soaped 
for 30 min. at 90°C in 0.5% soap solution. It was 
rinsed again to remove soap completely. After dry- 
ing in air, the section was ready for test. 


Fade-Ometer Tests 

Sections of pigmented, wet-spun yarn, dyed, wet- 
spun yarn, and dyed, melt-spun yarn were simul- 
taneously exposed in an FDAR Fade-Ometer for 100 
hrs. The sections were examined for comparison 
to unexposed samples every 20 hrs. With the four 
vat dyes tested, both the pigmented, wet-spun yarn 
and the dyed, wet-spun yarn showed no appreciable 
change after 100-hrs. of exposure. However, melt- 
spun yarn dyed with “Ponsol” Red BN and “Ponsol” 
Yellow AR showed almost complete color destruc- 
tion in less than 20 hrs. Melt-spun yarn dyed with 
“Ponsol” Jade Green and with “Ponsol” Dark Blue 
BRA showed very noticeable changes in color after 
80 hrs. of exposure. 

In exhaustive exposures to determine the time re- 
quired for appreciable color destruction, the yarn 
pigmented with “Ponsol” Red BN did not change 
noticeably until exposed 200-250 hrs. in the Fade- 
Ometer. This represents at least a 20-fold improve- 
ment over melt-spun nylon yarn dyed with “Ponsol” 
Red BN by conventional methods. 


Micrographs of Fiber Cross Sections 

A dramatic difference between the lightfast, wet- 
spun yarns and the light-fugitive, melt-spun yarns 
was obtained by microscopic examination of fiber 
cross sections. These cross sections, prepared using 
a Hardy sectioner, are illustrated by the photomicro- 
graphs in Figure 1 for a series of yarns colored with 
“Ponsol” Red BN. 

As the micrographs show, the dye was present as 
large particles in both the pigmented, wet-spun yarn 
and the wet-spun yarn colored by conventional ap- 
plication of dye. On the other hand, the color par- 
ticles in the dyed, melt-spun yarn were too small for 
detection by microscopic examination. Similar re- 
sults were obtained with the other three series of 
yarns colored with the vat dyes ‘“Ponsol” Yellow AR, 
“Ponsol” Jade Green, and “Ponsol” Dark Blue BRA. 


Estimation of Dye Particle Size 


For more precise determination of dye particle 
size, the method developed by Bailey [1] for pig- 


ments was used. This procedure was modified to 
fit the special case of a colored particle by Dr. J. B. 
Nichols and Mr. C. G. Wortz of this laboratory. 
For this purpose, a curve depicting the relationship 
between % transmission at 700 my and the particle 
radii for a dispersion of “Ponsol” Red BN was de- 


veloped. This curve, shown in Figure 2, was de- 
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Fic. 2. Weight average radius (r) of “Ponsol” Red 
BN particles as a function of the % transmission of 
monochromatic light at a wave length of 700 mp. Dye 
concentration, 0.5 mg. per 25 ml. of solution. 


veloped from the Bailey master curve, using calcula- 
tions made possible by measurements of refractive 
indices of the dye at several wave lengths. Since it 
is probable that the dye particles were not uniform 
in size, a beta-value of 0.6 was arbitrarily selected as 
representing, to a first approximation, the correction 
for nonuniformity. 

Measurements were made on formic acid solutions 
of the colored fiber. These solutions were prepared 
by dissolving 200 mg. of dyed yarn in 25 ml. of formic 
acid containing 2.5 mg. of “Aresklene’-400. Then 
6.25 ml. of this dispersion was diluted to 25 ml. with 
formic acid, and transmittance at 700 mu was meas- 
ured immediately. Dye content of the yarn was de- 
termined by extraction of a similar solution with o- 
dichlorobenzene, followed by spectrophotometric esti- 
mation of dye in the extracting solvent. After cor- 
rection of transmittance to correspond to a standard 
dye concentration of 1 mg. per 100 mg. of dyed fiber 
(1%), the average particle radii was read off the 
curve in Figure 2. These values were, respectively, 
0.102 » for pigmented, wet-spun yarn, 0.095 » for 
dyed, wet-spun yarn, and only 0.010 » for dyed, melt- 
spun yarn. 
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Summary 


Studies with four vat dyes present as large par- 
ticles in nylon have indicated that lightfastness is 
greatly improved by increasing the dye particle size. 
The results indicate that a great improvement in re- 
sistance to light destruction may be obtained by a 
10-fold increase in the average dye particle radii. It 
is probable that the effect is general for most members 
of the vat color class, in view of the observations of 
earlier investigators. 
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Properties of Apparel Wools 


V. Dependence of the Physical Properties of Single 
Fibers on Diameter and Crimp* 


Thomas F. Evans{ 


Textile Research Institute, Princeton, New Jersey 


Abstract 


Several physical parameters derived from force-extension curves of wool fibers have been 
studied for a selected group of fibers from sheep representative of each of four wool grades. 
The results from an incomplete factorial design have been treated by analysis of covariance to 
evaluate the regressions of the measured physical properties on the fiber cross-sectional area 
and on the fiber crimp. The observed dependences are interpreted qualitatively on physical 


grounds. 
of variance of the adjusted means. 


Ir is well known that the cross-sectional areas of 
wool fibers tend to be more uniform when the 
fibers are selected from a specific location on one 
sheep than when the fibers are selected from a group 
of sheep [5]. The homogeneity of physical proper- 
ties has not been studied so extensively. The study 
reported here was designed to determine the sources 
of variability of several physical properties derived 
from force-extension curves obtained under standard 
temperature and humidity conditions. At the same 
time, the measurements provide a means of evaluating 
the effect of the cross-sectional area and of the crimp 
(as measured on the force-extension curve instead of 
visually) on the other physical properties. 


Materials and Method 


When a wool fiber is extended at a constant rate of 
extension, a curve of the type shown in Figure 1 is ob- 
tained. In the region below the point designated as 
zero extension, the crimp in the fiber is being removed. 
At F,, which is the parameter used in this study to 
evaluate the amount of crimp in the fiber, the fiber is 
essentially straight. The slope of the steep rise in 


* Parts I, II, III and 1V appeared in the February, 1952, 
July, 1952, July, 1953, and October, 1953, issues of TEXTILE 
RESEARCH JOURNAL, respectively. 

Part of the work reported in this paper was presented at 
the Annual Meeting of the American Statistical Association, 
Chicago, December 29, 1952. 

+Present address, General Electric Co., Richland, Wash- 
ington. 


Sources of variability of the physical properties have been determined from analyses 


force, designated here as k, has been commonly called 
the Hookean slope, although relaxation processes are 
taking place along this portion of the curve as well as 
along the rest of the curve, and the fiber is not per- 
fectly elastic. Nevertheless, the spring-like charac- 
ter of the fiber is most evident in this region, and al- 
most complete recovery of extension may be obtained 
from any point below the knee of the curve upon re- 
moval of the load. The extrapolation of the Hookean 
slope to the abscissa has been defined as the point of 
zero extension at which F,, is measured. Following 
the Hookean region is a region of flow in which there 
is a slow increase in force with the extension. This 
region has been characterized by the parameter F 
the force at 20% extension. For the few fibers which 
broke before this extension, a value for F,, was ap- 
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Fic. 1. Typical force-extension curve for a wool fiber, 
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proximated by extrapolation of the measured curve. 
The force at break, Fz, has been used as a measure 
of the length of the curve. 

The samples available for study consisted of batches 
of grease wool from several sheep of each of the nine 
different categories listed in Table I. The samples 
were supplied through the South African Wool Board 
and represent wool obtained from experimental sheep 
at the Grootfontein School of Agriculture, Middle- 
burg, Cape Province, South Africa, and the Dohne 
Agricultural Research Station, East London, Cape 
Province, South Africa. The wools studied, having 
been shorn from experimental animals, do not neces- 
sarily represent average commercial wools. 

For each sheep there were two types of samples— 
a 4-lb. sample representative of the wool of the desig- 
nated grade from various portions of the fleece and a 
smaller sample from a specific shoulder location. 
From each of these two types of samples three staples 
were selected, and from each staple two fibers were 
chosen for test. A total of twelve fibers from each 
sheep was tested. Fibers from three sheep of each 
of the nine wool types were tested, making a total of 
324 fibers in all. 

The fibers were degreased (in the staple form) by 
extractions in a soxhlet with ethyl ether and with 
ethyl alcohol for 8 hrs. each. The extractions were 
followed by washing in distilled water and in methyl 
alcohol. 

A segment of each fiber approximately 1 in. long 
was mounted between small cellulose acetate tabs for 
ease of manipulation and conditioned at 70°F and 
65% R.H. An average cross-sectional area, A, for 
each segment was determined by the vibroscope tech- 
nique [4]. No correction was made for stiffness of 
the fibers, and an error of approximately 2% is there- 
fore present in the regression coefficients reported. 
Fiber-to-fiber variation is in general considerably 








TABLE I 26 


Source 








Grade 
70’s, 64’s, 60’s, and 58’s 
70’s, 64’s, and 60’s 

70’s and 64’s 


Grootfontein Merino 
Dohne Merino 
Dohne Mutton Merino 











TABLE Il. WITHIN-SHEEP REGRESSION COEFFICIENTS 





F, 
e =— 0.23 + 0.09 
h = 0.04 + 0.04 
m =— 0.09 + 0.17 


F, b 
k d 
Fr g 
Fp j 
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larger than this amount. The extension to break was 
performed on an Instron Tensile Tester at a rate of 
0.5 in./min., under the standard ambient conditions 


of 70°F and 65% R.H. 


Experimental Results 


For each of the 324 fibers tested, five numbers (4, 
F,, k, Foo, and Fg) were obtained. The logarithms 
of these numbers were chosen for analysis since it 
was known from previous work that the standard 
deviation of each of these properties tends to increase 
with the mean. The logarithms were studied through 
four analyses of covariance, based on the following 
regressions, in order to obtain information on the 
dependence of the parameters from the force-exten- 
sion curve on the cross-sectional area and on the 
crimp : 


log F, =C, +b log A, 

log k =C,+d log A+e log F,, 
log Fy, =C, + 9 log A +h log F,, 
log Fg = C,+j log A + m log F,. 


Details of the calculations are discussed in the Ap- 
pendix (p. 642). 

For fibers from the same location on an individual 
sheep, the regression coefficients (b, d, e, g, h, j, and 
m) are listed in Table II with 95% confidence limits. 

The measure of crimp, F,, increases more rapidly 
than the first power of the cross-sectional area. It 
is not surprising that this parameter, which is a com- 
plicated empirical quantity, should have a dependence 
on area other than a simple proportionality. The 
other three parameters are directly proportional to 
the first power of the area, within the precision of the 
measurements. Previous work [1] indicated that 
the breaking stress, (F,/A), increases with fiber size, 
but that effect was not found here ; the simple regres- 
sion coefficient of log Fz on log A is 0.97 + 0.17 in 
the present work. 

The crimp parameter, F,, does not show a sta- 
tistically significant correlation with the force at 
break, but it is associated with an‘ increase in the 
force at 20% extension (just significant at the 5% 
point) and a very marked decrease in the Hookean 
slope. The influence of crimp on the Hookean region 
has been reported elsewhere recently [3]. An in- 
terpretation of the effect of crimp on the force-exten- 
sion curve is given in the discussion on p. 640. 

All of the quantities from the force-extension curves 
(F,, k, Fi, and Fg) were adjusted with the regres- 
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sion coefficients of Table II to the over-all average 
cross-sectional area and to the mean value of F, (in the 
case of k, F,,, and Fg). An example of the method 
of adjustment of the F, value of one fiber is indicated 
in Figure 2. 

The cross-sectional area and the adjusted physical 
properties were studied by analysis of variance to 
determine whether or not the physical properties from 
the force-extension curve exhibit differences between 
sheep and wool types, as had been observed previously 
with cross-sectional area. The results are shown in 
Table III. The highly significant P x Sh effect in 
the area analysis is indicative of the well-known varia- 
tion of fiber fineness from one position to another on 
a fleece. It shows that some sheep have larger varia- 
tions in fiber fineness than others. The highly sig- 
nificant wool effect is, of course, largely due to the 
different grades included in the nine wool types. 

The analysis for F’, shows the sources of variation 
in the crimp parameter, F,, as well as the variability 
in cross-sectional area. The absence of position and 
staple effects shows that the fibers from an individ- 
ual sheep are relatively uniform, but the significant 
sheep effect indicates that there are large differences 
between the fibers from different sheep. That is, the 
F,, values for fibers from one sheep tend to cluster 
about one line on an F, vs. A plot; fibers from a 
second sheep will tend to cluster about a different 
line. The differences between wool types indicated 
by the analysis will be considered later. 

The adjusted Hookean slope, k’, shows a small 
within-sheep heterogeneity—the significant staple ef- 
fect—and a large between-sheep effect, as well as a 
pronounced difference between the wools. The other 
force measurements, F,, and Fz, exhibit similar dif- 
ferences between sheep and between wool types. In 
each case, these differences in physical properties are 
in addition to those associated with the differences in 
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cross-sectional area and crimp between sheep and be- 
tween wool types. 

Inasmuch as the physical properties of fibers from 
one sheep are reasonably homogeneous, the 27 sheep 
means were investigated to determine whether or not 
between-sheep regressions of the adjusted physical 
properties exist. Each of the original /, values was 
adjusted through the regression coefficient from Table 
II (b = 1.29) to an area of 330y’, the average area 
for the total 324 fibers. The averages of the F’, 
values so obtained for the twelve fibers from each 
sheep are plotted in Figure 3. The least squares 
line through these points is given by the equation 


log F’, = — 0.176 — (0.16 + 0.45) log A. 


10 


AVG. A= 330 y* 


OVERALL 


ORIG. Fy* 0.259 ¢ 


| Foe 0.206 g 


0.1 


200 1000 


Fic. 2. Adjustment of the crimp parameter, Fo 








TABLE III. ANALysis OF VARIANCE OF ADJUSTED MEANS 





Degrees of 
freedom A 


Wool type (W) 8 9,725** 
Position on sheep (P) 1 2,157 
WxP 8 436 
Sheep within a wool type (Sh) 16 1,285 
PX Sh 18 952** 
Staples 108 353 
Fibers ca. 160 319 


Source of variation 





Mean squares 
F’, k’ F's 


11,486** 6,276** 385.0** 
85 44 9.0 
500 69 24.5 

774** 730** 7150 
236 101 17.8 
263 115* 18.7 
243 81 18.0 





* Significant at the 5% confidence level. 
** Significant at the 1% confidence level. 





0.1 
200 500 1000 
A (m?) 
Fic. 3. Between-sheep regression of adjusted crimp 
parameter, Fo, on area, A. Each point is the average 
for 12 fibers from one sheep. 





TABLE IV. BETWEEN-SHEEP REGRESSIONS oF ADJUSTED 
MEANS 
A F, 
—0.16 + 0.45 oe 
+0.18 + 0.15 —0.65 + 0.15 
+0.07 + 0.06 —0.13 + 0.06 
+0.49 + 0.17 —0.14 + 0.17 
Over-all mean 330 w 0.264 g. 








The regression is statistically insignificant. It can 
be seen that the average crimp levels of the four 
grades are quite different, but the three grades other 
than 58’s have essentially the same average cross- 
sectional area. It would appear from these samples 
that the grading has been done more on the basis of 
the crimp of the fibers than on the cross-sectional 
areas of the fibers. 

The regressions of the other properties (adjusted 
by the coefficients of Table Il) on A and F’, were 
also examined for the sheep means. The results are 
given in Table IV. The degree to which these rela- 
tions describe the data is shown by Figures 4, 5, and 
6, in which the three physical properties (k’, F’,., and 
F',), adjusted for the regression of the less important 
of the two independent variables, are plotted against 
the other independent variable. Thus, for k’ the 
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Fic. 4. Between-sheep regression of Hookean slope, 
k’, on crimp, F’o, and area, A. Each point is the average 
for 12 fibers from one sheep. 


least squares regression equation is 


log k’ = 1.676 + 0.18 log (4/330) — 0.65 log F’,. 


The regression on A is less pronounced than the re- 
gression on F’,, so the effect of A has been put into 
the ordinate as a correction factor in order to plot 
the data on a two-dimensional graph. The quantity 
k’ (330/A)°*"* has been plotted logarithmically 
against F’, in Figure 4. The other two properties, 
F’,, and F's, have been represented in a similar way 
in Figures 5 and 6, respectively, except that in the 
case of F’, the more pronounced regression is on 
area instead of crimp. 

There are no evident differences in the Hookean 
slope, the force at 20% extension, or the force at 
break between the fibers of different grades and 
sources, other than the differences in these properties 
associated with the cross-sectional area and the crimp, 
both of which indeed differ between grades. 


Discussion of Results 


The data presented in Table II indicate that the 
Hookean slope and, to some extent, the force at 20% 
extension depend on the level of fiber crimp present. 
A consideration of the geometry of a fiber leads to 
an interpretation of the influence of crimp on the 
other physical properties. 

Figure 7 is a representation of one crimp of a 
wool fiber which is under a small tension. The ma- 
terial at point B is in tension, but the material at 
point A is probably in compression initially. At 
C-C the material is in fairly uniform tension. The 


Rta reagan -enenintlatene ene shen mete evil tant ewastied a atm PF asa aks. ek Wt catinn i act TLE a RS eR i! mI me 


a ah Ah SI i ASCE I EY 


LP ee tate cad 





Jury, 1954 


5 


b 


(330/A) (§) 
Ww 


F 20 


Fic. 5. Between-sheep regression of force at 20% 
exiension, F’n, on crimp, F’o, and area, A. Each point 
is the average for 12 fibers from one sheep. 
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Fic. 6. Between-sheep regression of breaking force, 

Fs, on area, A, and crimp, F’o. Each point is the aver- 


age for 12 fibers from one sheep. 


1000 


stress at 4—B, averaged over the whole cross section, 
is, of course, the same as the average stress at C-C, 
but the local stresses at the surface of the fiber will 
be considerably different from the average. 

If the force-extension curve of a wool fiber with no 
crimp is similar to the idealized curve shown in 
Figure 8, as is in“icated by curves for hair which 
have little crimp, the observed dependence of the 
Hookean slope and the force at 20% extension on 
the crimp may be interpreted in terms of nonuniform 
stresses across the diameter of the fiber and along its 
length. Consider the stress distribution at the ex- 
treme section (A—B in Figure 7) at successive points 
along the force-extension curve, as illustrated in Fig- 
ure 9. Ata very low force a gradation of stress is 
established across the fiber (curve 7 in Figure 9). 
The stress quickly increases with increasing exten- 


COMPRESSION 


Stre ss in a wool fiber under small tension, 


= 


EXTENSION 


Idealized force-cxtension curve for a single 
wool fiber without crimp. 


Fic. 9. Idealized stress distributions during the 


extension of a wool fiber. 
sion until flow takes place at B, the inside surface of 
the crimp (curve 2). As the fiber is extended 
further, the compressive stress at the other extreme 
decreases, and ultimately the entire cross section 
comes into tension (curve 3) within the approxi- 
mately linear Hookean region. The outside radius 
of a crimp may be considered to be lagging behind the 
inside radius along a force-extension curve like that 
of Figure 8 by an extension dependent on the ratio 
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of the radius of the crimp to the fiber diameter. In 
the Hookean region an increasing portion of the fiber 
flows, and hence the force does not increase as rapidly 
for the crimped fiber as for the uncrimped fiber. In 
the total-flow region (curves 4 and 5), the inside 
radius of the crimp experiences the upswing in the 
force-extension curve first, and hence the presence of 
crimp tends to increase the magnitude of the force 
required for a specific extension, as was found ex- 
perimentally for the force at 20% extension. 

The chain of events described above represents the 
conditions obtained at one cross section of the fiber; 
other sections along the length of the fiber would be 
expected to experience the same effects, but to a 
lesser degree and not necessarily at the same time as 
those found at this particular section. 


Summary and Conclusions 


The force-extension curves of single wool fibers 
have been investigated with respect to fiber cross- 
sectional area and origin in order to determine the 
sources of variability of physical properties derived 
from the curves. From these curves the regressions 
of Hookean slope, force at 20% extension, and force 
at break on the cross-sectional area and on the crimp 
of the fiber have also been evaluated. These three 
physical properties are directly proportional to the 
first power of the area when the fibers under study 
are all from the same sheep. The Hookean slope 
and, to some extent, the force at 20% extension also 
depend on the crimp of the fiber. The physical prop- 
erties of fibers from a single sheep are relatively 
homogeneous, but there are differences in properties 
between sheep even of the same breed. These differ- 
ences are, however, related to the differences in cross- 
sectional area and crimp between sheep. No differ- 
ences in Hookean slope, force at 20% extension, or 
force at break were found for fibers of different grades 
other than the differences in these properties as- 
sociated with the cross-sectional area and the crimp, 
both of which do differ between grades. An inter- 
pretation based on the geometry of the crimp has been 
given for the influence of the crimp on the Hookean 
slope and the high-extension region of the force- 
extension curve. 
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TABLE V 





: Degrees of 
freedom 


Day of test 2 
Wool type (W) 8 
Position on sheep (P) 1 
WxP 8 
Sheep within a wool type (Sh) 16 
PX Sh 18 
Staples 108 
Fibers 162 
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Appendix 

A description of the form of the data studied has 
been given on p. 637. One-third of the fibers were 
tested on each of three days. Because of the manner 
of selection of the fibers for test on each day, the data 
could be studied by analyses of variance in Table V. 
The “fibers” sums of squares of deviations and sums 
of cross products were used to evaluate the regression 
coefficients given in Table II by well-known multiple 
regression procedures [2]. 

There was some evidence that the regression co- 
efficients are different for the fibers from different 
sheep, but no consistent trend of the coefficients with 
average area or crimp was observed. Therefore, 
average regression coefficients were calculated with 
the restriction that some variability is to be expected 
in them. The method of adjustment of the meas- 
ured physical properties to values at an average cross- 
sectional area and crimp level has already been dis- 
cussed. The adjusted values were then studied by 
analyses of variance of the form of Table V. A 
daily testing effect was present in the data so that the 
removal of two degrees of freedom for day of test 
resulted in a decrease in the uncontrolled error. The 
computation of the analysis of variance and the fitting 
of least squares lines is treated in [2], as well as in 
many other standard statistics texts. 
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A Literature Survey on Fiber Friction* 


J. H. Langston and W. T. Rainey, Jr. 


School of Textiles, Clemson Agricultural College, Clemson, S. C. 


Tue BODY of published literature on fiber fric- 
tion is quite large, but the practical data available on 
any one phase of the subject is, in many cases, quite 
meager and, in most instances, confusing. This is 
partly due to the fact that the surface character (and, 
therefore, the frictional properties) of different fibers 
differs so markedly. Confusion also exists in the defi- 
nition of fiber friction under various conditions and 
its many ramifications. As will be seen, measurement 
of fiber friction is by no means a standardized pro- 
cedure, due largely to an incomplete understanding 
—or definition—of what is actually being measured. 

In view of this condition existing in the literature, 
the present report has been assembled with no attempt 
at complete coverage of material which is obviously 
extraneous to the immediate problem at hand. 
Rather, an attempt has been made to present a sum- 
mary of data which is pertinent to the subject of in- 
creasing the friction of cotton fibers, pertinacity in 
this case being considered to include anything which 
might have a bearing on the subject, either directly 
or by analogy. 

Most of this material was located through a com- 
plete search of the following sources either in their 
entirety or from 1905 to August, 1953: Chemical 
Abstracts, Industrial Arts Index, Journal of the Tex- 
tile Institute (Abstracts), TEXTILE RESEARCH JouR- 
NAL (Abstracts), and Textile Technology Digest. 


*A report of work done under contract with the U. S. 
Department of Agriculture and authorized by the Research 


and Marketing Act. The contract is supervised by the 
Southern Regional Research Laboratory of the Bureau of 
Agricultural and Industrial Chemistry. 

+ Professor and Associate Professor, respectively, of Tex- 
tile Chemistry and Dyeing. 


Measurement of Frictional Properties 


The study of frictional properties of fibers has in 
the past been concerned mainly with the animal fibers, 
wool in particular. Due to the felting and shrinking 
characteristics of wool, many studies have been re- 
ported in attempts to correlate the frictional proper- 
ties of the fiber with the above characteristics. A few 
references may be found in the literature describing 
frictional studies made on rayons, nylon, and jute, 
these being available as fairly long fibers which can 
be handled in much the same way as wool. 

Several studies of the frictional properties of cotton 
fibers have been reported, but no perfectly satisfactory 
measuring technique has been devised. Most of the 
methods used are suitable only for comparative 
studies and do not permit calculation of exact coef- 
ficients of friction. 

It was thought advisable in the present project to 
study the reported methods for measurement of fric- 
tional properties of all fibers in hopes that the tech- 
niques used could be revised for use with cotton. 


Frictional Properties of Wool 


Many of the references cited contain fairly good re- 
views of the methods used for measurement of fric- 
tional properties. However, none was found to be 
complete in*coverage of all methods and all fibers. 
Farnworth [1] and Hall [2] discussed several instru- 
ments used for measuring frictional properties of 
wool. Moncrieff [3] discussed several methods for 
measuring the directional frictional effect (D.F.E.) 
of hair fibers. The D.F.E. of animal fibers is consid- 
ered to be an important characteristic in explaining 
felting and shrinking tendencies. 
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A large portion of the work done on measurement 
of friction has been carried out by rubbing a single 
fiber against another single fiber or by rubbing a 
single fiber against a friction material. The accuracy 
of the method is dependent in part on the number of 
measurements performed. Other methods measure 
the friction between groups of fibers, giving effec- 
tively an average measurement without requiring a 
large number of determinations. 

One of the most important of the single fiber meth- 
ods is based on a method for measuring friction be- 
tween metallic surfaces developed by Bowden and 
Leben [4]. This method was applied to fibers orig- 
inally by Mercer [5] and has been modified some- 
what by other investigators. The method is com- 
monly called the “stick-slip method” due to the wav 
in which the measurement is performed. A single 
fiber is mounted under slight tension in a bow and 
is pressed with known force against the friction ma- 
terial (or another fiber) mounted on a leaf or clock 
spring. By applying a known and gradually increas- 
ing force in the direction of the fiber axis it is caused 
to slip when the force of friction is overcome. The 
determination may be recorded graphically by a stylus 
arrangement attached to the spring. In other modifi- 
cations a mirror may be attached to the spring and 
the spring motion recorded photographically. 

A short time later Mercer gave a more complete 
discussion of his previous work and discussed the 
physical basis of fiber friction [6]. Lipson and 
Mercer [7] carried out a series of tests on chemically 
treated wool using both the stick-slip inethod and 
Lipson’s capstan method, which is reviewed later in 
this report. A comparison of these two methods is 
to be found in their report. Mercer and Makinson 
[8] reported other measurements using the stick-slip 
method with the photographic recording and reviewed 
the frictional properties of wool. 

The Swedish Institute for Textile Research has 
published a series of papers on the frictional proper- 
ties of fibers. Most of their work has been done with 
wool, although they reported some data on nylon and 
viscose rayon. Gralén and Olofsson [9, 10] reported 
measurements on wool and viscose rayon single fibers 
using a stick-slip apparatus similar to that of Mercer. 
In their apparatus the single fibers were rubbed 
against each other by means of an hydraulic piston 
to eliminate vibrational effects. The angle of fibers 
with respect to each other was varied from 10° to 
90°, and the results were recorded photographically. 
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Olofsson [11] discussed the theory and derivation 
of equations for calculating the coefficient of friction. 
He considered both the static and kinetic frictions and 
applied his reasoning to several methods for de- 
termination of friction. Howell [12, 13] also dis- 
cussed the theoretical aspects of friction and sug- 
gested a modified equation for calculation of the 
coefficient of friction of fibers. He has given special 
consideration to the theory of the stick-slip and in- 
clined plane methods [14], the latter of which is dis- 
cussed later in this report. 

Another method which has been used by several 
investigators is the method known as Lipson’s method 
or the capstan method. Lipson [15] reported results 
of frictional measurements of wool against polished 
rhinoceros hide (a keratin material). A single fiber 
with a hook cemented to each end was hung over the 
friction material, and weights were added to the 
hooks until sliding started. The fiber friction could 
be determined for either direction (with scales or 
against scales). As previously mentioned, Lipson 
and Mercer [7] reported a comparative study of the 
capstan and stick-slip methods. 

Mercer [16] reported data on wool before and 
after treatment in several antifelting processes using 
a modified capstan device. Mercer considered the 
apparatus simpler but less accurate than the stick- 
slip method. In his method the fiber was passed 
around a cylindrical piece of horn. Lengths of thin 
wire were attached to the ends of the fiber and were 
made the components of a Wheatstone Bridge. Ro- 
tation of the horn caused unbalancing of the bridge 
due to stretching and contraction of the wires. The 
force required to overcome the friction was deter- 
mined from the unbalance in the bridge. Character- 
istic stick-slips were noted with wool. 

Martin and Mittelmann [17] reported results on 
wool and mohair under various conditions using the 
capstan method. Lipson and Howard [18] reported 
data on friction between various keratin surfaces. 
They considered the stick-slip method to be the most 
accurate method but used the capstan method since 
it required much less time. Frishman, Smith, and 
Harris [19] used the capstan method for measure- 
ment of wool friction against felt. They used a 
capstan covered with wool felt of low compressibility. 
King [20] reported data on wool and nylon fibers 
using a modified capstan method. The fiber was 
passed around the capstan and each end was attached 
to a spring causing tension to be applied to the fiber. 
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A mirror was attached to each spring at the point of 
attachment to the fiber. Rotation of the capstan 
caused relaxation and contraction of the springs. 
The force applied to overcome the friction was de- 
termined from the motion of light sources reflected by 
mirrors. 

Chamberlain and Speakman [21] developed an 
apparatus, the lepidometer, which has been used by 
a few workers in the study of hair fibers. It has 
been modified somewhat [22] but cannot be used on 
fibers such as cotton. The operation of the device 
was dependent on the difference between the with- 
scales and the against-scales frictions of the fiber. 
A single fiber was placed between two plates which 
were pressed together with a known, or, at least, con- 
stant force. The plates were given opposite, oscil- 
latory motions in the direction of the fiber axis, caus- 
ing the fiber to creep in the direction of its root end. 
A measuring device was attached to the tip of the 
fiber and indicated the force exerted by the fiber in 
attempting to creep. The significance of the results 
obtained in this method is still somewhat in doubt. 
It has been accepted that the results were dependent 
on differences in frictional characteristics, but much 
argument has arisen [23, 24, 25] as to the exact 
significance. Apparently the results are dependent 
somewhat on the with-scales kinetic friction and the 
against-scales static friction. 

A relatively new method for measurement of fric- 
tion between single fibers was developed by Lind- 
berg and Gralén [10, 26, 27] as a part of the series 
from the Swedish Institute for Textile Research. 
The fiber twist method could be applied to any type 
fiber which could be obtained in sufficient length and 
could be used for determination of both static and 
dynamic (kinetic) frictions. The reported appara- 
tus was rather complex and measured the force re- 
quired to cause twisted fibers to slip with respect 
to each other. Lindberg [28] reported results on 
chemically treated wool fibers using a modified twist 
friction meter. Additional work on this method has 
been reported by Hall [29], and Makinson discussed 
some of the theoretical considerations involved [30]. 

Henning [31] reported a method for friction meas- 
urement which does not seem to have been used 
by other investigators. He described an apparatus 
which measured the friction of single fibers by em- 
ploying the damping of an oscillatory system by 
means of the pressure of one fiber against another. 

Several investigators thought it desirable to meas- 
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ure the frictional properties of wool using a number 
of fibers at once instead of single fibers. The in- 
clined plane type of apparatus was developed by 
Speakman and Stott [32] and later used by Whewell 
et al. [33]. In this method a number of fibers 
(usually 50) were formed into a bow or slide by 
stretching across a rectangular plate. The fibers 
were held away from the surface of the plate by 
thin cross members placed between the fibers and 
plate at each end. The slide was placed on a small 
table covered with a piece of cloth with a pile finish. 
By raising one end of the table the angle at which 
the slide slipped was measured and the friction cal- 
culated. In the measurements on wool all fibers 
were placed on the slide with scales in the same 
direction. 

Bohm [34] reported a method using a slide pre- 
pared in the same manner as described above. His 
measurements were made on the friction of the fibers 
against a polished glass surface. The slide 
placed on a horizontal plate of glass, one end of the 
slide being connected to a container by means of a 
string or wire run over a pulley. Care was taken to 
be sure the pulley was as frictionless as possible and 
that the string between the pulley and slide was ab- 
solutely horizontal. By slowly adding water to the 
container, the force required to cause the slide to 
move was noted and the friction calculated. 


was 


Frictional Properties of Cellulosic Fibers 


At the present time the frictional properties of 
cellulosic fibers have not been investigated as thor- 


oughly as the animal fibers. Certainly it has been 
recognized that the frictional properties of these fibers 
are of primary importance in the manufacturing proc- 
ess. Balls recognized this fact in his Studies of 
Quality in Cotton [35] and also pointed out that no 
satisfactory method had been devised for measure- 
ment of these properties. The method of Adderley 
had been reported but was not considered to be very 
satisfactory. 

Adderley [36] described the first method for 
measuring the “clinging power of single cotton 
hairs.” He realized that the strength of cotton yarn 
was due to the combination of the tensile strength 
of the fiber and the friction caused by convolutions, 
twist, waxes, etc. He attempted to correlate the 
clinging power of the fibers with the number of 
convolutions per cm. Adderley’s original apparatus 
measured the force required to cause a single fiber 
to slip when pressed between two pads of cotton. 
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The pads were made by wrapping a layer of combed 
cotton hairs around small glass slips. One pad was 
mounted in a stationary position while the other was 
attached to a lever system which allowed variation in 
pressure between the two. The single cotton fiber 
was attached to an O’Neil tester and placed between 
the two pads. The O'Neil tester was made of a 
floating tube in a vessel of water. The fiber was at- 
tached to the float and force was applied by allowing 
the water to drain slowly from the vessel. In this 
way Adderley measured the force required to cause 
the fiber to slip. 

The apparatus devised by Adderley has been modi- 
fied somewhat by subsequent investigators. Sen and 
Ahmad [37] used a rubber diaphragm behind one 
of the pads to furnish the pressure. By varying the 
air pressure in the diaphragm the force applied to 
the pad could be varied. They investigated the ef- 
fects of clinging power on yarn strength irregularity 
and noted that fibers with high clinging power tended 
to yield yarns registering high yarn strength ir- 
regularity [38]. They also investigated the effects 
of wax, convolutions, temperature, etc. on clinging 
power [39]. 

An apparatus very similar to Adderley’s was used 
by Navkal and Turner [40]. In order to reduce the 


error caused by variations between single fibers, they 
used 10 fibers in each measurement. 

In the reports of the Swedish Institute for Tex- 
tile Research, Olofsson and Gralén [41] gave a sur- 
vey of work carried out at the Institute on the fric- 
tional properties of viscose rayon staple fibers. They 
used the stick-slip method which had been used on 


wool fibers. Some work on viscose staple fiber had 
been reported [9] by them in connection with their 
work on wool. 

Morrow published [42] a report on frictional prop- 
erties of cotton fibers, yarns, and fabrics, giving de- 
scriptions of the apparatus used in his measurements. 
For determination of fiber friction he used a method 
depending on the force required to slip a tuft of 
cotton fibers placed between two pads of combed 
cotton. The pads were pressed together with con- 
stant pressure using a spring behind one of the pads. 
The spring could be adjusted by a screw to give 
variations in pressure. A small flat “packing piece” 
was placed behind the fibers in the other pad to in- 
sure uniform and known area of friction. The force 
to slip the tuft was furnished by a single thread tensile 
strength tester. 
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A similar method using a tuft of fibers was re- 
ported by Schmidhauser and Stoll [43]. 

Moss recently published [44] a report on the 
lubrication of cotton and other fibers. He used the 
method of Morrow [42] for measurements on the 
fibers and the method of Buckle and Pollitt [45] on 
yarns. 

In a recent publication [46] Hood reported a new 
device for measuring frictional properties of long and 
short fibers. The instrument operated on the “fiber 
twist” principle. In operation, equal weights are 
suspended from two fibers, and the fibers are twisted 
until slippage no longer occurs. It was assumed 
that the number of twists was proportional to the 
fiber friction. A definite advantage of the instru- 
ment was the fact that it could be used with short 
fibers, if the fiber was long enough to take the re- 
quired number of twists. 

Studies of the frictional properties of fibers in the 
intermediate processes of yarn manufacture seem to 
have been neglected. Only a few references are 
made in the literature to studies of this type, al- 
though the importance of fiber “drag” in the manu- 
facturing processes has been recognized [47]. 

Postle and Ingham [48] reported a study of inter- 
fiber friction in untwisted wool and nylon slivers. 
Measurements were carried out by placing short 
lengths of sliver in a rectangular channel and sub- 
jecting them to a range of compressional loads. The 
force required to withdraw a single fiber from the 
compressed sliver was used to calculate the coefficient 
of friction. Wood [49] reported a similar apparatus 
for calculating fiber friction of viscose rayon. 

Balls described [35] a method used for measure- 
ment of the strength or slipperiness of untwisted rov- 
ings. He considered this method to be the most 
reliable developed at that time (1928) for the study 
of the frictional properties of cotton. However, he 
noted that the method was only empirical and com- 
parative. The upper end of a piece of roving was 
attached to a sensitive indicating quadrant balance, 
like a letter weigher, and the lower end was attached 
to the float of an O’Neil tester. All the twist was 
removed from the roving by rotating the float, and 
tension was applied by allowing water to run out of 
the tester. The maximum load attained was noted 
and divided by the average number of hairs in cross 
section to give the average slipping load per hair. 

The measurement of frictional properties of yarns 
seems to depend on the use of two major types of 
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apparatus—the inclined plane type and the tension 
type. 

Bartlett, Smith, and Thompson [50] described a 
variety of methods for determining the frictional 
qualities of filament and staple yarns and also a con- 
tinuous roving tester, all based on the stick-slip 
principle. 

Sellars described [51] an apparatus in which the 
yarn was drawn through the friction device at uni- 
form speed under a standard load, and the resulting 
tension was measured by a dynamometer. This 
value Was converted to the coefficient of friction. 
The same general type of apparatus was used by 
Morrow [42], Breazeale [52], Buckle and Pollitt 
145], Saxl [53], and Viviani and Graziano [54]. 
Breazeale’s apparatus was a rather complex one due 
to the extreme care taken to insure accuracy of meas- 
urement. The instrument of Buckle and Pollitt was 
comparatively simple and was arranged to give the 
coefficient of friction directly. It involved running 
the yarn over a series of pulleys arranged on levers 
and a friction device arranged so that the tension dif- 
ference caused displacement of the system. The 
displacement was calibrated directly in coefficient of 
friction. The apparatus of Saxl was similar to the 


above except that stationary yarn was placed over a 
rotating friction device and the difference in tension 


was noted. Viviani and Graziano reported on the 
friction between nylon filament and a steel or glass 
cylinder. 

The inclined plane method was reported by Sax] 
[55] and Davis [56]. The instrument of Saxl was 
fairly simple using a carefully made rider placed on 
a horizontal piece of yarn. By raising one end of 
the yarn the rider was caused to slip, and the angle 
of slip was noted. The coefficient of friction was 
calculated from the characteristics of the rider and 
the angle. Saxl noted several possible errors. He 
suggested the use of a vibrator to eliminate the start- 
ing friction and noted the effect of yarn size. The 
larger yarns contacted the rider over a greater area 
and, therefore, required a greater angle to give smooth 
travel. Davis discussed [56] additional errors in 
the work of Sax! due to the stretch and catenary shape 
of the yarn caused by the weight of the rider. He 
calculated that these errors could cause an 80% error 
in results when the yarn coefficient of friction was 
very low. The instrument of Davis and his method 
of calculation were designed to overcome the errors 
inherent in the inclined plane method. His results 
were apparently accurate to within + 1%. 
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A recent patent [57] described a method for meas- 
urement of yarn friction in which opposing circular 
or straight longitudinal surfaces were pressed with 
measured loads against opposite sides of the traveling 
yarn. The loads were increased until the yarn broke, 
and frictional characteristics were calculated from the 
measured forces. 

The frictional properties of fabrics are considered 
to be outside the scope of this study. However, 
most of the equipment noted in the survey was either 
of the inclined plane type or the rotating wheel type. 
Mercier discussed [58] a fairly simple inclined plane 
type similar in principle to those described for yarn 
measurements. Morrow described [42] a similar 
device and also one of the rotating wheel type. In 
the latter type the cloth is held against the periphery 
The 
usual belt tension formula has been used for calcula- 
tion of the coefficient of sliding friction. However, 
Shah noted [59] that the simple formula was not 
satisfactory and suggested changes in the design 
which would lead to more accurate results. 


of a rotating wheel or disc, as in a Prony brake. 


Modification of Fiber Friction 
Colloidal Silica 


Colloidal silica has been mentioned in the earlier 
literature as a possible treating agent for various 
materials, including textile fabrics—as, for instance, 
the use of silica-containing paint [60, 61] and of 
silica dispersions for antishine serge finishes [62]. 
There was also an early (1927) patent covering the 
use of silica gel or other particles adapted to exert 
abrasive action upon fibers of cotton, silk, wool, jute, 
etc. preparatory to spinning [63]. 

Most of the references to silica for this latter pur- 
pose, however, appeared appreciably later and seem 
to be consequent to the introductory work reported 
by Powers of Monsanto Chemical Company. In a 
brief review (1945) of the application of synthetic 
resins to textiles to produce slip-resistant and other 
finishes, Powers mentioned a “sub-microscopic aque- 
ous dispersion of a silicon polymer” [64, 65]. This 
obviously referred to “Syton,” which was suggested 
specifically as an antislip agent for rayons [66] and 
which became the subject of many papers and patents. 

In 1948 “Syton” treatment was publicly announced 
as a means of increasing efficiency in spinning wool 
and cotton. Increased tensile strength, reduced fly, 
improved uniformity, increased production by a re- 
duction in twist, more efficient carding, more effec- 
tive fulling, and reduction in the number of ends 
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down in spinning and weaving were claims made. 
“Thus, (from) relatively low grade stock can now 
be spun a higher count yarn and woven with a mini- 
mum of ends down” [67]. It was stated that al- 
though the process for wool was well developed, its 
use on cotton was in the introductory stage. 

The product “Syton” and its uses in various ap- 
plications have been protected by numerous patents 
[68, 69]. The amount of “Syton” recommended 
in these patents ranged from 0.1% to 10%, and 
methods of application included spraying, immersion, 
and wiping the product onto the fibers. Monsanto 
published a series of technical bulletins and booklets 
covering the application of “Syton” to fibers prior 
to spinning [70, 71, 72, 73, 74, 75, 76}. 

Use of “Syton” in woolen and worsted spinning 
has been investigated quite fully and appears to offer 
appreciable advantages in the process [77]. Various 
aspects of this process are covered in the previously 
mentioned Monsanto bulletins, and Powers discussed 
the subject briefly in a separate article [78]. Town- 
end and Spiegel found “Syton” applied in emulsion 
to reduce fiber breakage in worsted carding [79]. 

Brown [80] stated that in the woolen system 2%-— 
3% of “Syton” mixed with the oil emulsion and ap- 
plied to stock at the picker, and 0.5%-2.0% of silica 
applied in the worsted system at the gill box re- 
sulted in the spinning of stronger, finer, loftier, and 
more uniform yarns at increased production rates and 
with higher drafts. Somewhat similar results have 
been reported by Teisseire [81], Nickerson [82], 
and by anonymous authors in the J/ndian Textile 
Journal {83}. 

Spinning of 64’s Merino tops treated with whale 
oil and “‘Syton” in soap emulsion was investigated by 
Townend and Yu [84], who reported that slubbing 
strength increased rapidly with “Syton” content up 
to 1.5%, after which, little strength increase was 
noted. They showed that “Syton”-treated roving 
and slubbing can and should be processed with re- 
duced twist, thereby increasing production and ease 
of drafting. Results on spinning end-breakage tests 
for a fine yarn (48's) indicated that amounts of 
“Syton” on the order of 0.5% improved spinning 
performance, but concentrations as high as 1.5% of 
“Syton” with normal roving twist caused excessive 
inter-fiber friction in the roving, together with an 
adverse effect on ease of drafting and fiber breakage. 

Smith [85] found that for woolen and worsted 
carding and spinning, 3% of “Syton” gave improved 
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results when applied with 5%-7% of olein and 7%- 
10% of water (based on weight of wool). 

Bauer was issued a patent on the use of 0.3%- 
5% of colloidal silica to improve the wear resistance, 
wiriness, etc. of wool [86]. 

The use of colloidal silica on wool, as well as on 
rayon, has also been discussed in Du Pont’s booklet 
on its product “Ludox” for textile uses [87]. 
“Ludox” is a stabilized colloidal dispersion of silica 
similar to “Syton” but is said to have smaller par- 
ticle size and uniform spherical particle shape. 

Silica in colloidal solution has been applied to nylon 
yarns in many instances to act as a slip-proofing 
agent. Reported applications range from stockings 
[68, 88] to surgical sutures [69] and fish nets [89]. 
Silica has also been used as a spinning assistant for 
nylon, as well as viscose and acetate [90]. 

Although Ubbelohde’s 1927 patent [63] included 
cotton along with the other fibers for silica gel treat- 
ment, indicating that satisfactory results might be 
expected therefrom, successful application of silica 
to cotton prior to spinning appears, in general, to be 
a much more involved problem than in the case of 
wool. The anomalous frictional properties of cotton, 
which have been widely recognized and discussed in 
the literature by such authors as Balls [35], Morrow 
[42], and Moss [44], have complicated the picture 
considerably. 

In 1943 and 1944 the Research Division of the 
National Cotton Council, under contract with the 
War Production Board, investigated and published 
results of treating cotton sliver with “Syton” by 


impregnation [91,92]. Their conclusions are quoted 
in part as follows: 


“The application of Syton to cotton prior to spin- 
ing (and particularly to sliver) results in an increase 
in the inter-fiber friction, permitting the spinning of 
yarns having considerably higher strength than those 
spun from comparable untreated cotton. 

“The twist required to develop maximum strength 
in yarns from Syton-treated cotton is less than that 
required for untreated cotton. 

“In all cases investigated, the skein strength of 
treated cotton at the lowest twist multiple spinnable 
exceeded the maximum strength of untreated cotton 
of the same variety and staple. 

“ .., high strength is maintained over a wide 
range of twist below the optimum for untreated 
cotton. 
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“The maximum strength of treated cotton is in 
general higher than the maximum strength of un- 
treated cotton of the next longer staple in the series 
studied. 

“By varying the quantity of silica deposited on the 
fibers, the strength increase can be varied over a con- 
siderable range. 

“The silica particles deposited on the sliver make 
drafting more difficult. It has been found advisable 
to produce roving at a minimum twist, in order to 
eliminate hard ends in spinning to the greatest possi- 
ble degree” [91]. 


Various investigators have reported more recent 
results of silica tests on cotton. In general, yarn 
strength improved as a result of the treatment [93] ; 
when 1%-3% of silica was applied to cotton sliver 
a 40% strength increase and a production increase 
were noted [90]. Increased spinning efficiency has 
been frequently reported with silica-sprayed cotton, 
together with such additional improvements as high 
strength at lower twist, more even yarns [94], and 
the use of higher card speeds [95]. 

Dithmar [96] reported that silicic acid suspensions 
of a high degree of dispersion act as good slide- 
proofing agents for most fibers and have a regulating 


effect on draft, irrespective of the spinning method 
used. 


Other Silicon Compounds 


In addition to treating fibers with colloidal silica 
dispersion, there have been numerous literature refer- 
ences to other frictional agents and to the use of 
silicon products for other purposes (e.g., waterproof- 
ing). Some of these products and/or processes, 
however, might have possibilities as spinning aids. 

A combination treatment of silicones with mela- 
mine-formaldehyde resins has. been suggested for 
finishing wool [97]. So has the use of organo- 
silicon materials which could be polymerized on the 
fiber to give nonfeltability and shrink resistance due 
to scale masking [98]. A similar treatment result- 
ing in the formation of a film of hydrated silica on 
the fiber surface has been used to promote water- 
repellency as well as slip-resistance [99]. Silicic 
acid has also been used as a mordant for basic dyes 
[100]. Treatment with organosilicon halides in the 
vapor phase or in organic solution under various con- 
ditions has been frequently reported [98, 101, 102, 
103, 104]. In some cases the resulting end products 
have been polyalkoxyaminosilanes [105, 106] rather 
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than polysiloxanes. In one case [104] the products 
were mixtures of silicon and titanium compounds. 
Peyrot has gone further into the field and reported 
on the surface properties of organosilicon coatings 
[107 ]—mainly from the standpoint of waterproofing. 

A patent has been issued [108] on the use of 
weakly acidic solutions of salts of silicic acid and 
hydrolyzable salts of aluminum and zirconium to give 
slip-resistance to knitted articles. There is also a 
reference to the deposition of silica on cotton fibers 
by treating with silicon tetrachloride followed by hy- 
drolysis [109]. In this case, however, the treatment 


was for the production of pseudomorphs of the fiber, 
involving destruction of the original fiber. 


Abrasives 


A great many and, in some cases, quite surprising 
agents have been used for roughening fiber surfaces 
for delustering or slip-proofing purposes. These 
agents included such materials as rubber, either alone 
[110] or as a binder for chopped hair particles [111], 
powdered glass, or carborundum [112], kieselguhr, 
pumice, cardboard, emery [113], or other abrasives 


[63]. 
Resins 


It is not surprising that resins have been reported 
for this use. Certainly the bibliography on resin 
finishing is very extensive, but that for fiber roughing 
by use of resins is quite meager. Polyvinyl resin 
solutions have been suggested as antislip agents for 
woven, netted, and knitted goods, particularly cellu- 
lose acetate [114], while nylon stockings have been 
slip-proofed by the use of alkylated melamines [115]. 

Although it has not been publicized, the previously 
mentioned work of the National Cotton Council on 
application of “Syton” to cotton started out as an 
evaluation of various products as spinning aids 
for cotton. For this purpose several resins were 
tested, including urea-formaldehyde |Rhonite 609], 
polyvinyl acetate, polystyrene, Bakelite, Amberlite, 
and methylol-melamine (Monomel M-75). None of 
these materials was found to show much promise, 
however, and all tests on them were abandoned in 
favor of “Syton” [116]. 

Several patents have been issued on a process of 
treating fabrics for slip-resistance with a solution of 
a compound of the type R-CH,-R', where R is a 
resinous or resinifiable radical and R’ is a salt-form- 
ing group, preferably of the isothiourea type [117]. 





650 


Rayons have been slip-proofed by treatment with sul- 
fonated esters or amides of acidic natural or synthetic 
resins [118] and with sodium or ammonium salts of 
resin acids [119]. Other fabrics have made use of 
resin soaps [120]. Tensile strength of grey cotton 
yarn has been increased by treatment with polynu- 
clear hydroaromatic primary amines (rosin amines) 
[121]. 

It has recently been reported that urea-formal- 
dehyde finishes containing the sulfates, chlorides, ni- 
trates, or acetates of zinc, cadmium, manganese, or 
copper to buffer the system at pH 6.0-6.5 reduce the 
coefficient of friction of wet vegetable fibers [122]. 

Union Carbide and Carbon Corporation has studied 
the use of polyalkylene glycols as spinning lubricants 
in woolen and worsted processing. They claim that 
2% of certain of these materials (“Ucon” H-15 and 
H-6) gives better results than appreciably larger 
amounts of solubilized mineral oil, and results which 
are approximately equivalent to a mixture of mineral 
oil and colloidal silica [123]. “In general, the finer 
the yarn and more critical its running qualities, the 
more advantageous is the use of H-15. In most 
cases fewer ‘ends down’ result particularly with fine 
yarns or where low twist, high draft, shorter staple 
or more slipping fibers are used. This also is at- 
tributable to the more uniform ‘roping’ from the cards 
and the smooth high drag qualities of the H-15” 
[124]. 

In this connection a recent survey of the effect of 
various lubricant finishing agents on the friction be- 
tween staple viscose fibers is of interest [125]. It 
is reported that “ ‘ordinary’ lubricating agents like 
mineral or vegetable oils” have a certain optimum 
concentration for maximum lubricating action above 
which they cause friction increases. Those finishing 
agents which are substantive to the fiber, however, 
appear to have a greater effect on modifying inter- 
fiber friction under certain conditions. 


Metallic Salts 


Various metallic salts have been used to roughen 


fiber, yarn, and fabric surfaces. Among these salts 
were the phosphate-oxalates of iron, chromium, and 
aluminum with and without starch [126,127]. Simi- 
lar roughened fiber surfaces have been produced with 
salts of sulfonated condensation products from colo- 
phony and aromatic hydrocarbons [128] and with 
salts of acidic phosphoric acid esters with aliphatic or 
araliphatic alcohols [129]. A specific example of 
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such an application was the use of ethyl potassium 


phosphate (Sopet) for increasing yarn to metal fric- 
tion of wool [130]. 

Patents [131] have been issued covering the use 
of any inorganic salt which is sublimable and capable 
of forming solutions of 10% concentration or more. 
Such materials as ammonium chloride, barium chlo- 
ride, barium, potassium, or sodium nitrate were rec- 
ommended for treating staple fibers prior to spinning. 

The use of mineral substances, assisted by soaps, 
dextrin, ‘starch solutions, olein, glue, etc., and of 
calcium carbonate formed on the fiber has been cov- 
ered by patents [132]. Other more specific patents 
[133]—generally to increase the harshness of wool 
—included the use of aluminum chloride and sodium 
thiosulfate, aluminum sulfate, barium hydroxide fol- 
lowed by sulfuric acid, titanium sulfate, titanium oxide 
with sulfuric acid or sodium acid sulfate, hydrated 
zirconia in acid suspension, and zirconyl sulfate, 
formate, acetate, or zirconyl ammonium sulfate. 

Somewhat similar agents have been used to de- 
luster rayons—salts of aluminum with sulfonated oils, 
or barium sulfate [134], insoluble titanium com- 
pounds such as are obtained by heating the sulfate or 
potassium titanium oxalate [135]. Another reported 
process was to treat the fiber in a bath containing an 
insoluble titaniferous material in suspension with a 
colloidal substance (such as alginate, ester, resinate, 
oil, fat, etc.), then precipitate the colloidal substance 
to form an insoluble mass on the fiber with the titan- 
iferous material [136]. 

It has recently been reported that neither titanium 
dioxide delustrants, pigments (in spun dyed yarns), 
nor certain conventionally applied dyes have appre- 
ciable effect on the frictional properties of viscose 


fibers [137]. 
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Abstract 


The chemical reactivity of cotton “decrystallized” by treatment with anhydrous ethylamine 


has been compared with that of the untreated cotton and with mercerized cotton. 


The degree 


of acetylation achieved under comparable conditions has been taken as the criterion of reactivity. 
It was found that the full reactivity of the amine-treated cotton as well as that of the mer- 


cerized cotton could be maintained only if drying was avoided after treatment. 


When maintained 


wet with nonaqueous solvent the reactivity of the amine-treated cotton was found to be of the 
same order as that of mercerized cotton which had been maintained water-wet after mercerization. 

Data are given which indicate that the rate of acetylation and degree of substitution obtained 
with an amine-treated cotton increase strongly as a function of presoak time in glacial acetic acid. 





SEGAL and coworkers in this Laboratory have 
studied the effect of anhydrous alkyl amines on the 
crystalline-amorphous ratio of cotton cellulose [9, 
10]. They found that if the amine is removed from 
the cotton cellulose after treatment by extraction with 
a nonaqueous solvent, the degree of crystallinity, as 
indicated by kinetics of acid hydrolysis [7, 8] and 
by x-ray diffraction measurements, can be markedly 
reduced. They have shown that the crystallinity of 
a purified cotton could be reduced to about } of its 
original value by a 4-hr. immersion in liquid an- 
hydrous ethylamine at ice-bath temperature under 
a nitrogen atmosphere,t followed by removal of the 
amine by extraction with chloroform. 

In view of this partial dispersion of lateral order 
in the treated cotton together with an increase in 
the amorphous regions, an increase in chemical re- 
activity was claimed in a patent by Ward, Conrad, 
and Segal [12]. The present work was undertaken 
in order to obtain further quantitative information 
on the effect of ethylamine decrystallization on the 
chemical reactivity of cotton. 

In discussing those factors which influence the 
kinetics of cellulose reactions, Heuser classified acety- 
lation under his third possibility—i.e., the reagents 


* One of the laboratories of the Southern Utilization Re- 
search Branch, Agricultural Research Service, U. S. De- 
partment of Agriculture. 

+ Referred to throughout this paper as treatment in the 
“usual manner.” 


exhibit no preference for either of the two types of 
hydroxyl groups present and the rate of reaction is 
determined by the duality of the submicroscopic 
structure [4]. Since treatment with ethylamine 
markedly changes the crystalline to amorphous ratio, 
or duality of submicroscopic structure as used by 
Heuser, it was believed that acetylation would pro- 
vide a satisfactory criterion for assessing changes in 
reactivity in these treated materials. Thus the degree 
of acetylation under comparable conditions has been 
determined for the amine-treated, decrystallized cot- 
ton and compared with untreated and mercerized cot- 
ton. 


Experimental 


Acetylation and Analytical Procedures 


In order to compare the reactivity of the various 
materials studied, several acetylation procedures were 
employed. By proper choice of the acetylation pro- 
cedure together with the duration of acetylation, the 
reactivity comparisons could be made at any desired 
level of substitution. 

Procedure I.—This procedure was used when it 
was desired to compare the reactivity at relatively low 
levels of substitution (0% to 20% acetyl content). 
This procedure is essentially that of Hess and 
Ljubitsch [3] as cited in Heuser [5]. One-gram 
samples of the cotton were preswollen in 25 ml. of 
dry pyridine for 48 hrs. at room temperature. Acetic 
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anhydride (25 ml.) was then added and the acetyla- 
tion reaction allowed to proceed at 25°C for the 
desired interval. 

Procedure II.—The second procedure was used 
when it was desired to compare the reactivity at 
relatively high levels of substitution (20% to 44% 
acetyl content). Although several variations of Pro- 
cedure II were employed, as is described in the section 
on results, the basic procedure involved a 1-hr. pre- 
soak of 1-g. cotton samples in 20 ml. of glacial acetic 
acid containing 16 mg. of perchloric acid. Acetic an- 
hydride (20 ml.) was then added and the acetylation 
allowed to proceed at 25°C for the desired time 
interval. The concentration of perchloric acid was 
maintained at approximately 1.6%, based on the 
weight of cotton used. 

Procedure III.—The third basic procedure was 
employed when it was desired to compare the reac- 
tivity of the cottons at a high level of substitution and 
at the same time maintain the fibrous form. One- 
gram samples of the cotton under study were pre- 
soaked in 20 ml. of a mixture of glacial acetic acid 
and normal hexane (50:50 by volume) containing 
16 mg. of perchloric acid. After presoaking for the 
desired time in the mixture, 20 ml. of acetic anhydride 
was added and the reaction allowed to proceed at 
25°C. 

In all cases the reaction was interrupted after the 
desired time interval by pouring the reaction mixture 
into a large volume of violently agitated cold water. 
The acetylated samples were water-washed until free 
of acid, collected on a coarse-frit, sintered-glass filter, 
and carefully transferred to weighing bottles. The 
oven-dry weight of the acetylated samples was de- 
termined after overnight drying in a vacuum oven 
at 80°C. 

The acetyl contents of the oven-dry samples were 
determined according to the Eberstadt method fol- 
lowing the recommendations of Genung and Mallatt 
[2]. The values entered in the tables are the averages 
of at least three separate determinations of the acetyl 
content. 


Materials 


The cellulose used throughout this investigation 
was a commercially purified, cut cotton having a 
mean degree of polymerization of about 1050. Ac- 
cording to the acid hydrolysis technique [7, 8] the 
degree of crystallinity of this starting material was 


89%. 
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The pyridine and normal hexane were dried and 
redistilled prior to use. All other reagents were of 
C. P. grade and were not further purified before use. 


Results 


The first acetylations were carried out on a batch 
of the control cotton which had been amine treated 
in the usual manner (4 hrs. in ethylamine at approxi- 
mately 3°C under nitrogen) and allowed to air dry 
at room temperature after removal of the amine by 
extraction with chloroform [9]. Acetylations in a 
comparable manner were also made on the untreated 
cotton and on a portion of the amine-treated cotton 
which had been boiled in water for 2 hrs. and then 
allowed to dry in air at room temperature. It had 
been shown that boiling in water leads to a partial 
restoration of crystallinity in the “decrystallized” 
cotton. The results of these initial acetylations, made 
according to Procedure I, were somewhat surprising 
in that the acetyl content of the air-dry, amine- 
treated samples was only slightly greater than that 
achieved in the control, and the acetyl content of the 
water-boiled, air-dry samples was considerably less 
than that of the control. These results were con- 
firmed by additional acetylations made according to 
Procedure II, Both are summarized in Table I. 

In order to gain further information of the pos- 
sible effect of air drying on the reactivity, some ad- 
ditional experiments were made on a fresh batch of 
the cut cotton which was immersed in ethylamine and 
allowed to stand for 4 hrs. in the usual manner. The 
major portion of the amine was then poured from 
the cotton, and the remainder removed not by chloro- 
form but by direct exchange with five successive 100 
ml. portions of dry pyridine. This batch of treated 
cotton was maintained wet with pyridine until ready 
for acetylation. 

For comparative purposes a 20-g. batch of the cut 
cotton was mercerized by treatment with 18% caustic 
for 30 min. at room temperature under a nitrogen 


TABLE I. Resvutts or ACETYLATION OF UNTREATED AND 
or Arr—Dry, AMINE-TREATED CoTTON BEFORE AND 
AFTER WATER-BOILING 





% Acetyl content 


Proce- 
dure II 
4 hrs. 
25°C 
13.7 
15.9 
4.9 


Proce- 
dure I 
24 hrs. 
25°C 
None, control cotton 5.4 
Amine-treated 6.4 
Amine-treated, water-boiled 2.0 


Treatment before acetylation 
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atmosphere. After a thorough washing with water 
the mercerized sample was divided into two parts; 
one was dried overnight under reduced pressure at 
room temperature and then allowed to equilibrate 
with the laboratory atmosphere for 48 hrs., and the 
other was dried by solvent exchange with dry 
pyridine. One-gram samples of the air-dry and the 
pyridine-wet, mercerized cottons and of the pyridine- 
wet, amine-treated cotton were acetylated for 24 hrs. 
by Procedure I. The results are summarized in 
Table II. It is seen that the activity of both amine- 
treated and mercerized cotton * is greatly increased 
by direct solvent exchange to pyridine without the 
interposition of a drying cycle. 

Several experiments were undertaken to determine 
whether amine-treated cotton which had been de- 
activated by drying could be reactivated. In the first 
of these, samples of the control cotton and of the 
amine-treated, air-dry cotton were boiled in water 
for 30 min. Both samples were then divided into 
two parts, and treated further as shown diagram- 


* The crystal type of mercerized cotton is cellulose II, 
whereas that of amine-treated cotton is cellulose I. 





TABLE II. Comparative ACETYLATIONS ON A1IR—-DRyY AND 
SoLVENT-WET, AMINE-TREATED AND MERCERIZED 
CoTTons 


% Acetyl content 
Procedure I 
24 hrs. 25°C 


Amine-treated, air-dry 6.4 


Amine-treated, solvent-exchanged 
to dry pyridine 





Treatment before acetylation 


24.5 


Mercerized, air-dry 0.9 
Mercerized, solvent-exchanged to 
dry pyridine 


20.1 








TABLE III. Sotvent—EXcCHANGE SCHEME USED IN REACTIVATION EXPERIMENTS 
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matically in Table III. Portions of all materials were 
then acetylated for 24 hrs. at 25°C according to 
Procedure I, The acetylation results are given in 
Table IV together with the data for the two starting 
materials taken from Table I. 

It is seen that the water-boiling followed by solvent 
exchanges had a slight effect on the control but some- 
what more on the amine-treated samples. 

In the measurements above it was noted that both 
ethylamine-treatment and mercerization markedly in- 
creased the reactivity of the cotton toward acetylating 
reagents, provided the treated and washed cotton was 
maintained wet with solvent until ready for acetyla- 
tion. Up to this point the comparative reactivity of 
the solvent-wet materials has been characterized at 
relatively low levels of substitution by Procedure I. 
Further comparative acetylations were made on simi- 
larly treated materials at a higher level of substitution. 

A fresh batch of the cut cotton was treated with 
anhydrous ethylamine for 4 hrs. in the usual manner. 
The major portion of the amine was then poured 
off and the cotton washed thoroughly with normal 
hexane. The small amount of amine still remaining 
in the cotton was removed by a thorough extraction 
with hexane in a Soxhlet extractor. The sample was 
maintained wet with hexane until ready for acetyla- 
tion. One-gram samples of the hexane-wet, amine- 
treated cotton and of water-wet mercerized cotton 
were partially freed of their respective solvents by 
suction and the remainder removed by exchange with 
glacial acetic acid. The samples were then acetylated 
according to Procedure I]. It was found that both 
materials had been acetylated to the tri-acetate stage 
within 2 hrs. after addition of the anhydride. 

The remaining experiments to be described were 








Air-dry control and amine-treated 


samples 


Material boiled in water for thirty minutes 








ct 





Solvent-exchanged, 
water to pyridine. 


Solvent-exchanged, 
water to methanol to benzene. 





Air-dried at room Maintained wet with 
temperature under benzene and exchanged 


reduced pressure. 


directly to pyridine. 
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all made on the hexane-wet, amine-treated cotton with 
emphasis on the maintenance of the fibrous form 
during acetylation. To accomplish this, the acetyla- 
tion mixture was made up to contain equal volumes 
of normal hexane and glacial acetic acid, and the 
catalyst, perchloric acid, was added to give a concen- 
tration of 16 mg. per 20 ml. of this mixture. 

In the first acetylations, 1-g. samples of the hexane- 
wet cotton were presoaked for 1 hr. in 20 ml. of the 
mixture described above. Twenty milliliters of 
acetic anhydride were then added and the acetyla- 
tion allowed to proceed at 25°C for various dura- 
tions. It was found that the samples acetylated es- 
sentially to the triacetate stage (44.6% acetyl) within 
1 hr., the shortest period studied. 

An experiment was undertaken to determine 
whether the hexane-wet, amine-treated cotton was 
reactive enough to acetylate without any “presoak.”’ 
In the acetylations made without presoak, 20 ml. of 
the hexane-acetic acid-catalyst mixture and 20 ml. of 
acetic anhydride were added simultaneously to 1-g. 
samples of the amine-treated cotton. The acetyla- 
tions were allowed to continue for periods up to 120 
min. Contrary to expectations, the cotton showed 
only negligible substitution under these conditions. 
It was found that a 5-min. presoak in glacial acetic 
acid markedly increased the amount of substitution 
achieved in 15- to 120-min. acetylations. The use of 
acetic acid as a preswelling agent in the activation of 
cellulose for acetylation is common to much of the 
patent literature and has been studied by Eléd et al. 
[1]. It was further found that for a fixed duration 
of acetylation (15 min.) the acetyl content increased 
strongly as a function of presoak time, increasing 
from a negligible amount to 32.5% as the presoak 





TABLE IV. PartiAL RESTORATION OF REACTIVITY OF 
SAMPLES AFTER WATER-BOILING AND SOLVENT—-EXCHANGE. 
ACETYLATION BY Procedure I 





% Acetyl content 
Air-dried, 
amine- 
treated 
cotton 


Control 


Pretreatment cotton 


None (from Table I) 5.4 6.4 
Water-boiled, solvent-exchanged to 
dry pyridine 7.6 
Water-boiled, solvent-exchanged to 
methanol, to benzene, air dried 
from benzene 7.8 9.6 
Water-boiled, solvent-exchanged to 
methanol, to benzene, benzene 
displaced by dry pyridine Y 9.8 


10.2 
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time increased from 0 to 15 min. These results are 
summarized in Table V. 

It was at first believed that traces of amine remain- 
ing in the hexane-wet cotton might be partially re- 
sponsible for the negligible acetylation achieved with 
the samples which received no presoak. In order to 
check on this question, a batch of the purified cut 
cotton was freshly treated with ethylamine, and then 
extracted first with normal hexane, then with a 20: 1 
mixture of hexane and acetic acid, and again with 
hexane with solid sodium hydroxide added to the 
boiling flask. 
all amine, as was shown by amine analysis on a water 
extract from this treated cotton. 
maintained wet with hexane until acetylated. 


This procedure effectively removed 


This material was 
When 
samples of this amine-free cotton were acetylated for 
15 min. at 25°C without any presoak, an acetyl con- 
tent of 6.8% This result indicates 
that the large increase in acetyl content brought about 


was achieved. 


by the 5-min. glacial acetic acid presoak was only 
partially due to the neutralization of the amine by 
the acid. Since this value did not approach that of 
the presoaked cotton (22.5%), it would appear that 
the major action of the glacial acetic acid is that of 
further swelling the amine-treated cotton. 


Discussion 


The present data indicate that the chemical reac- 
tivity of amine-treated cotton is strongly dependent 
on the history of the sample after treatment, partic- 
ularly on drying. In this respect it is very similar 
to mercerized cotton. Heuser [6] cites numerous 
references concerning this deactivating effect of air 
drying on treated cotton, and in particular discusses 
the deleterious effect of drying on the reactivity of 
cotton which has been mercerized in order to ac- 
The data in Table 
II show that although air drying causes a twenty- 
fold decrease in the reactivity of mercerized cotton, 
there is only a four-fold decrease in the reactivity of 
amine-treated cotton. When both the amine-treated 


celerate the acetylation reaction. 





TABLE V. ReEsutts or SHORT—DURATION ACETYLATIONS 
oF HEXANE-WET, AMINE-TREATED COTTON 





Duration of 
presoak in 
glacial acetic 
acid 


% Acetyl content 
Duration of acetylation at 25°C 
15min. 30min. 60 min. 120 min. 


Negligible 1.3 
22.5 25.8 29.3 
29.2 - - 
32.4 - 


No presoak 
5 min. 
10 min. 
15 min. 
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and mercerized cottons were maintained wet with 
solvent in comparable acetylations nearly the same 
level of substitution was achieved with slightly greater 
reactivity being shown by the amine-treated product. 
The slight increase shown in Table I for the air-dry, 
amine-treated sample as compared to the untreated 
cotton might be attributed to the larger equilibrium 
moisture content of the treated material. It has been 
shown that the moisture regain at 81% relative 
humidity is greater for the amine-treated cotton 
(12.5%) than for the untreated material (9.5%) 
[9]. Comparable moisture adsorption measurements 
on mercerized cotton give a regain value of at least 
14% [11]. 

The data in Table IV indicate that the reactivity of 
the air-dry, amine-treated cotton can be increased 
somewhat by reswelling in boiling water followed by 
either of the several solvent-exchange procedures 
listed. However, the activity is much less than that 
obtained when the samples are never allowed to dry 
after the amine treatment. 

From the results in Table V it appears that the 
amine-treated cotton cannot be acetylated to any ap- 
preciable extent without at least a 5-min. presoak in 
glacial acetic acid even though maintained wet with 
hexane after removal of the amine. The marked in- 
crease in acetyl content achieved after’ the 5-min. 
presoak was originally ascribed to (1) the neutraliza- 
tion of residual traces of ethylamine by the glacial 
acetic, (2) the swelling action of the glacial acetic 
acid on the cotton, or (3) possibly a combination of 
the two causes above. Traces of amine, if not pre- 
viously neutralized by an acid presoak, might inter- 
fere with the acetylation by destruction of the catalytic 
effect of the perchloric acid. On the other hand 
swelling of the cellulose might provide for a more 
rapid diffusion of the reactants. This question was 
partially answered by the data from the amine-treated 
cotton which was rendered amine-free by thorough 
extraction. When this sample without any presoak 
was acetylated for 15 min. at 25°C an acetyl content 
of only 6.8% was achieved. Since this value lies 
less than half way between the “no presoak” value of 
1.3% and the “5-min. presoak” value of 22.5%, 
it must be concluded that it is the swelling effect of 
the glacial acetic acid on the amine-treated cotton 
and not destruction of catalyst that is chiefly responsi- 
ble for acceleration of the reaction. In its response 
to the beneficial effects of a glacial acid presoak, the 
amine-treated cotton behaves similar to untreated 
cotton. 
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Summary 


The chemical reactivity of cotton decrystallized by 
treatment with anhydrous ethylamine has been com- 
pared with that of the untreated control cotton and 
with mercerized cotton. The degree of acetylation, 
achieved in the various materials under comparable 
conditions, has been taken as the criterion of chemi- 
cal reactivity. 

The amine-treated cotton showed only slightly 
greater reactivity than the untreated control if air 
dried before measurement. In order to maintain the 
full chemical reactivity of the decrystallized cotton, 
it is necessary after removal of the amine to maintain 
the cotton wet with nonaqueous solvents. When 
maintained wet with hexane or pyridine until acety- 
lated, the reactivity of the amine-treated cotton was 
found to be slightly greater than that of mercerized 
cotton which had been maintained water-wet after 
mercerization. 

In a series of short-duration acetylations (15 min. 
at 25°C) with glacial acetic acid presoak it was found 
that the acetyl content increases strongly as a function 
of presoak time. In one series the acetyl content was 
found to increase from a trace to 32.5% as the pre- 
soak time was increased from 0 to 15 min. The 
marked effect of a brief (5 min.) acetic acid presoak 
upon the degree of acetylation achieved in amine- 
treated cotton appears to be due principally to the 
swelling action of the acid on the cotton. 
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The Stress Relaxation of Fibrous Materials 


III. Stress Relaxation of Wool Keratin in 
Water and in Sait Solutions* 
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Princeton, New Jersey 


Abstract 


The relaxation of stress in single wool fibers (Columbia 56’s) held at fixed extension in water 
and in dilute salt solutions was studied by techniques described previously. The early portion of 
the stress relaxation in water did not change much with temperature, and this stress decay may 
be ascribed to scission of hydrogen bonds. The later portion depended more strongly on tem- 
perature, and here the decay is ascribed to hydrolysis of cystine bonds. The relaxation in salt 
solutions (0.1N) proceeded faster than in water. The rate and extent of relaxation varied 
strongly from fiber to fiber, and it was not possible to detect any systematic differences due to 
anion size, cation size, anion charge, or cation charge. The action of FeCl; differed from that 
of the other salts, not an unexpected behavior in view of the oxidizing, acidic, and catalytic 
effects of this salt. Because the effects of dilute HCl and of cysteine on stress relaxation are 
not altered by previous treatment with salt solutions, it appears that the salt-sensitive linkages 
are neither the acid-sensitive bonds nor the cystine bonds; tentatively we ascribe the salt-sensitive 
linkages to highly ordered regions of hydrogen bondings. 


Introduction 


the similarity arises from a common source—namely, 
the scission of hydrogen bonds by water. In the later 
part of the relaxation, the curve for wool drops below 
the curves for silk and nylon. The chemical struc- 
ture now suggests that the lowering of stress is due 
to hydrolysis of the cystine cross-links present in 


Earlier papers [6, 7] in this series reported work 
done on the stress relaxation of wool keratin and 
other materials in various solutions. The first paper 
described the apparatus and some preliminary ex- 
periments, and the second paper described the ki- 
netics of the reduction of wool keratin by cysteine 
solution. The present paper gives the detailed re- 
sults of the effect of water and dilute salt solutions 
on the stress relaxation of wool keratin. The ap- 
paratus and procedures were described in reference 
[6]. All reagents used in the present experiments 
were of C.P. grade, not purified further. 





Stress Relaxation in Water 





Wool, silk, and nylon exhibit similar behavior in 
the early portions of their stress relaxation. The 


chemical structures of these materials suggest that 


* Parts I and II appeared in the December, 1952, issue, 
pp. 765-82. 
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Fic. 1. Stress relaxation in water for single wool 
fibers (Columbia 56’s) at various temperatures. Each 
curve represents the average behavior of six fibers. 
Arrows indicate point of addition of sodium bisulfite. 
Here the relative force, £/fw, is plotted against time 
(logarithmic scale). 





wool, but not in silk or nylon. To check this hy- 
pothesis, the temperature dependence of the stress 
relaxation of wool keratin was studied. 

Columbia 56’s wool fibers were held at 15% ex- 
tension in water at 30°, 42°, and 50°C after an initial 
equilibrium period of 24 hrs. The decay of stress 
was observed for 48 hrs., after which the water was 
replaced by 0.1M solution of sodium bisulfite at 
pH 6.0. Figure 1 shows the average behavior of 
sets of six fibers at each of the three temperatures 
used. Here the force f, normalized to its value fy 
at 60 min., is plotted on a linear scale against the time 
after extension on a logarithmic scale. The point of 
addition of sodium bisulfite is indicated by an arrow. 

From Figure 1 it appears that the chief effect of 
temperature in the range studied is an increase in the 
rate of relaxation at long times. During the early 
periods the relaxation is almost independent of tem- 
perature. Hence a controlling process associated 
with a small energy of activation is indicated. Of the 
various reactions believed to be significant in allow- 
ing stress relaxation in wool, scission of hydrogen 
bonds seems to be the only one likely to be associated 
with a small activation energy. Accordingly we 


suggest that the early part of the stress relaxation 
may be attributable to scission of hydrogen bonds. 


The later portion of the relaxation shows a definite 
dependence on temperature, the rate of stress decay 
increasing with higher temperatures. From_ this 
dependence it may be concluded that the controlling 
process is different from the one responsible for the 
early portions, and, moreover, that it is associated 
with a higher activation energy. Evidence that this 
controlling process is scission of cystine bonds is 
afforded by the action of the sodium bisulfite. This 
reagent reduces the disulfide linkages of the cystine 
bonds in wool keratin to the thiol group of cysteine, 
but: has little effect on hydrogen bonds or peptide 
bonds [6]. Hence we conclude that the sharp drop 
in stress at the arrows in Figure 1 is attributable to 
disruption of cystine linkages. In all three cases the 
relaxation upon addition of bisulfite proceeds to the 
same final value of relative stress, despite the fact that 
the starting point just before the addition of bisulfite 
is lower at higher temperatures. We believe that 
some of the cystine bonds have been broken by hy- 
drolysis up to the time of bisulfite addition, and that 
the remainder are broken by reduction with the bi- 
sulfite. That the final value of stress is different 
from zero indicates that some of the network is im- 
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pervious to the action of water and of reducing agent. 
The specific explanation may lie in the existence of 
highly ordered regions. 


Stress Relaxation in Salt Solutions 


The study of the action of salt solutions on the 
mechanical properties of wool keratin is important 
not only for its intrinsic interest in shedding light on 
the structure of the fiber, but also for its possible 
complication of the effects produced by other re- 
agents used in stress-relaxation experiments. The 
action of concentrated salt solutions has been in- 
vestigated by several workers. Alexander [1] stud- 
ied the action of concentrated LiBr solutions in 
producing supercontraction and set. Burte [2] 
found that concentrated salt solutions modify the 
stress-strain patterns for wool fibers. Hambraeus 
and Steele [4] observed the change in mechanical 
properties of wool upon immersion in LiBr solutions 
of varying concentrations. Speakman and Whewell 
[8] showed that concentrated solutions of KCl cause 
stress relaxation in hair keratin. The effect of dilute 
salt solutions has received less attention. Burte [3] 
showed that dilute solutions of neutral salts do not 
affect the stress-strain behavior of wool keratin dur- 
ing extensions taking place over short times. Katz 
and Tobolsky [5] observed that the stress relaxation 
produced by NaCl: is independent of temperature 
from 30° to 70°C, and largely independent of con- 
centration from 0.1 to 1.0M. It is the purpose of 
this section of the present work to continue the stress- 
relaxation investigation by varying the size and the 
charge of the anion and the cation of the salt in 
solution. 

Single wool fibers (Columbia 56’s) were stretched 


TIME (min) 


Fic. 2. Stress relaxation in 0.1N NaCl for single 
wool fibers (Columbia 56’s) at 30°C. Each curve 
represents the behavior of a single fiber. The upper- 
most curve (dashed) represents the behavior in water. 
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to 15% extension in water at 30°C following an 
equilibration period of 24 hrs. The stress produced 
thereby was allowed to decay for about 48 hrs. The 
water was then replaced by a 0.1N solution of the 
salt under study, and the subsequent stress relaxa- 
tion was recorded automatically as a function of time. 

The first point to be investigated was the repro- 
ducibility of relaxation from fiber to fiber. Figure 2 
shows the behavior of six wool fibers in 0.1N NaCl. 
Here the force f, normalized to its value f, at the time 
of addition of salt solution, is plotted on a linear scale 
against time on a logarithmic scale. The dashed 
curve at the top represents the average behavior of 
a fiber in distilled water. The variability between 
fibers is seen to be pronounced, the decrease in rela- 
tive stress at 1,000 min. after addition of solution 
ranging from 10% to 50% more than the control. 
No trend in amount of decrease was noted with fiber 
diameter, and we must report that the source of 
variation is unknown. 

Despite the unexpectedly large fiber-to-fiber vari- 
ability, the investigation of ionic size and charge was 
carried out to see if any gross effects exist. The 
first factor to be varied was the size of anion, by use 
of the halides of potassium. Figure 3 shows the be- 
havior of two fibers in each of the four 0.1N solu- 
tions of KF, KCl, KBr, and KI. No systematic 
trend is evidenced, the fiber-to-fiber variability mask- 
ing any possible small effect. The second factor was 
the size of cation varied by use of the chlorides of 
several alkali metals and ammonia. Figure 4 shows 
the behavior of two fibers in each of the four 0.1N 
solutions of LiCl, NaCl, KCl, and NH,Cl. Again 
no systematic trend is evidenced, the variability mask- 
ing any small effect. The third factor to be varied 
was the charge of anion, by use of the sulfate of 


100 1000 
TIME (mind 


10000 


Fic. 3. Stress relaxation for single wool fibers 
(Columbia 56’s) at 30°C in 0.1N solutions of salt with 
a common cation (K*), but with different anions (F-, 
Cf, Br T). 
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sodium, and the fourth factor was the charge of the 
cation, by use of the chloride of magnesium. Figure 
5 shows the behavior of two fibers in each of the two 
0.1N solutions of Na,SO, and MgCl,, as well as that 


for two fibers in 0.1N FeCl,. The curves for the 


sodium and magnesium salts show no systematic 
differences, and are indeed quite comparable with 


the more rapidly decreasing curves for the mono- 
valent salts. The curves for ferric chloride are dif- 
ferent, displaying a two-stage relaxation. This be- 
havior is not surprising, in view of the known 
oxidizing, acidic, and catalytic effects of FeCl,. We 
have not attempted to analyze this behavior further. 


Summary 


The main result at this stage of investigation ap- 
pears to be that dilute solutions of monovalent and 
trivalent salts produce stress relaxation in wool 
keratin, the amount of relaxation varying greatly 
from fiber to fiber, but not depending strongly on 
ionic charge size or charge. 


100 1000 
TIME (min. 


10000 


Fic. 4. Stress relaxation for single wool fibers 
(Columbia 56’s) at 30°C in 0.1N solutions of salt with 
a common anion (CI), but with different cations (Li, 
Na’, ted NH<). 


2 s 10 
TIME (mind 


Fic. 5. Stress relaxation for single wool fibers 
(Columbia 56’s) at 30°C in 0.1N solutions of salt with 
different ionic charge (SOs, Mg**). 
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In other experiments the salt solutions were re- 
placed by acid solution when the equilibrium stress 
was nearly attained. Replacement of the solution by 
0.1N HCl resulted in a further relaxation amounting 
to about 20% of the value before replacement by 
acid. This action is comparable with that found 
when acid is added before relaxation in salt solution. 
Hence it appears that the salt-sensitive cross-links are 
distinct from the acid-sensitive ones. In similar ex- 
periments with the salt solution replaced by 0.1N 
cysteine instead of HCl, the subsequent relaxation 
was found to be comparable with that observed when 
cysteine is added before relaxation in salt solution. 
Hence it appears that the salt-sensitive linkages dif- 
fer from the cysteine-sensitive ones as well as from 
the acid-sensitive ones. 

We have said that the water-sensitive linkages may 
be hydrogen bonds, the acid-sensitive ones are salt 
bridges, and the cysteine-sensitive ones are cystine 
disulfide bonds. The salt-sensitive linkages seem to 
be distinct from all three. A possible explanation is 
that there exist hydrogen-bonded regions of higher 
order, which are accessible to salt solutions though 
not to water alone. Such regions would be char- 


acterized by a high entropy change, and would thus 
require a strong reagent to affect them; but they 


would be associated with a small energy change, and 
hence the reaction rate would not be affected much 
by temperature changes. The behavior of the wool 
fiber accords with this hypothesis, but conclusive 
evidence is not yet at hand. 
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The Swelling Factor in Cellulose Hydrolysis 


Elwyn T. Reese and William Gilligan 


Pioneering Research Laboratories, U. S. Army Quartermaster Corps, 
Philadelphia, Pennsylvania 


Tue early changes occurring during the degrada- 
tion of cotton in the field have been studied by Marsh 
and coworkers [6]. It was found that attack by an 
organism leads to a rapid increase in pH, to changes 
in the cotton which are responsible for its increased 
adsorption of Congo red, and to increased swelling of 
the cotton in alkali. The action of cellulolytic filtrates 
on cotton sliver is similar to that of the organism in 
that swelling in 18% alkali is greatly increased [5]. 
This change occurs before any reducing sugar, loss 
in tensile strength, or change in degree of poly- 
merization is detectable. Treatment of the fiber for 
as little as 2 hrs. at 30°C has given marked increases 
in swollen weight even after dilution of filtrates by 
1: 100. Even action on carboxymethyl cellulose may 
Marsh 
showed that the factor responsible is destroyed by 
heat, is adaptive, and is presumably enzymatic. He 
has called it “S factor,” the S referring to the swell- 
ing effect. 

Modifying cotton fiber in a highly specific manner 
by enzymic action is interesting to observe. Whether 
the changes effected have any practical application is 
unknown. The specificity of the action depends upon 
the purity of the § factor (1.e., freedom from other 
enzymes) and the nature of the action of S factor 
on cotton fiber. 


not be detectable under such mild conditions. 


The primary object of the present paper is to ex- 
amine the relationship of the S factor to other cellulo- 
lytic factors, and to attempt to determine the role 
of the S factor in the pattern of enzymes involved in 
cellulose breakdown. Most of the results on S fac- 
tor are in agreement with the findings of Marsh [3, 5]. 


Methods 
Measurement of S Factor (SF) Activity 


A 250-mg. sample of cotton sliver is incubated 
with 15 ml. of enzyme solution for 2 hrs. at pH 5.2 
(M/20 citrate) and 30°C (unless otherwise stated). 
The sample is removed, partially dried between blot- 
ters, placed in 50 ml. of 18% NaOH, and shaken for 


15 min. at 30°C. 
in a Gooch crucible, transferred to a fritted glass 
crucible, and centrifuged (at about 550 g.) for 10 
min. to remove excess alkali. The sample is finally 
transferred to a weighing bottle and weighed. This 
is essentially the procedure developed by Marsh [4]. 

Our results are expressed as the weight of the 


The swollen sample is collected 


swollen test sample minus the weight of the swollen 
control (i.e., no enzyme treatment). The maximum 
difference is about 250 mg. under the conditions of 
our test. Since the curve of increase in weight vs. 
enzyme concentration is not a straight line at high 
enzyme concentrations, a unit has been defined as 
the amount of enzyme required to obtain an increase 
in swelling of 50 mg. beyond the control value. 


Measurement of Cx Activity 

Cx activity is measured by the reducing sugars (as 
glucose) produced by the action of the enzyme on 10 
ml. of 0.5% carboxymethyl cellulose (CMC) of low 
viscosity and of low degree of substitution (Hercules 
CMC 50T, D.S. = 0.52) in M/20 citrate buffer at 
pH 5.4 and 30°C. 
amount of enzyme which under the above conditions 
gives a reducing value of 0.40 mg. reducing sugar per 
ml. of reaction mixture in 2 hrs. It differs from 
the regular Cx unit [11] in that the time and tem- 
perature have been changed to conform with the con- 
ditions of the S factor assay. 


The Cx unit used here is the 


Preparation of Cellulolytic Filtrates 

The cellulolytic filtrates are prepared by growing 
the organism on cellulose in ‘shake flasks [12]. At 
the end of the incubation period the culture fluid is 
filtered through medium-porosity glass filters. The 
clear solutions obtained are kept in a refrigerator. 
Merthiolate (0.01%) is usually employed as a pre- 
servative. 

Results 


Enzymatic Nature of S Factor 
We have confirmed the observations of Marsh that 
the S factor can be destroyed by heat (autoclave 
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121°C, 15 min.), and that it is adaptive in most 
organisms. S§ factor will not pass through cello- 
phane membranes, nor is its activity diminished on 
dialysis. It can be precipitated from solution by 
two volumes of alcohol or acetone. The pH-activity 
curves and the temperature-activity curves (see later 
sections) are of the type generally associated with 
enzymatic reactions. The pH stability is great- 
est near pH 5.0, and least below pH 3.0 and above 
pH 9.0. 


Points of Similarity Between Cx and S Factor 


Adaptive nature—Both enzymes are adaptive in 
most cellulolytic microorganisms, a great increase in 
potency being observed in the presence of cellulose 
as substratum [4,11]. The only exception observed 
is Aspergillus luchuensis QM 873, in which Cx is 
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Fic. 1. Temperature vs. S factor activity. 
Filtrate of Trichoderma viride QM 6a. 
of Myrothecium verrucaria QM 460. 
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found to be produced on noncellulosic, as well as on 
cellulosic, substances. Re-examination of this or- 
ganism reveals that the S factor is also constitutive 
in this fungus. 

In noncellulolytic organisms growing on sugars, 
we have been able to detect neither factor, except 
possibly in Rhizopus nigricans, where a trace of S 
factor is evident on long incubation. 

Simultaneous occurrence of enzymes.—In a series 
of commercial preparations of enzymes, Cx and S$ 
factor were either both present or both absent. They 
were present in cellulase, (Takamine) ; pectinol 10M 
and 19AP (Rohm & Haas); and lipase (General 
Biochemical Co.). They were absent under the test 
conditions (50°C, 2 hrs., pH 5.0) in emulsin, pep- 
sin, ficin, Rhozyme PF, £-glucuronidase, hyaluroni- 
dase, takadiastase, and malt diastase. 

Both enzymes withstand dialysis and solvent pre- 
cipitation. Both are destroyed by autoclaving. At 
55°C, both are relatively stable at pH 5.5, but are 





TABLE I. Inursition or S Factor By 
CELLOBIOSE AND GLUCOSE 
Inhibition (%) 
Cellobiose* Glucose 


10% 0.1% 1% 


73 22 
60 56 
67 _ 0 
73 38 22 
90 69 20 
82 40 3 


pH of 
QM reaction 
No. mixture 


460 5.7 
B814 = 5.65 
6a 5.65 
6a 3.15 
137g 5.65 
137g 3.15 


Filtrate 


M yrothecium verrucaria 
Streptomyces sp. 
Trichoderma viride 
Trichoderma viride 
Penicillium pusillum 
Penicillium pusillum 





* Weight relationship to cotton sliver: at 1% cellobiose, the 
ratio sugar/cotton = 0.4; at 0.1%, the ratio = 0.04. 


Fic. 2. pH-activity curves of cellulo- 
lytic filtrates. . These curves are based on 
several sets of data. The “relative ac- 
tivity” is based on a determination from 
a control dilution curve. Left—Tricho- 
derma viride filtrate. Right—Penicil- 
lium pusillum filtrate. 


ano 
ACTIVITY ¥S. WALSETH 
CELLULOSE 
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inactivated at pH 3.0 and pH 9.6. 
inhibits both Cx and S factor. 

Both enzymes have the same type of temperature- 
activity curves. The activities fall off at a lower 
temperature for Myrothecium verrucaria than for 
Trichoderma viride (Figure 1). 

Both enzymes are inhibited by methocel and by 
cellobiose. Trichoderma viride filtrate was tested 
for the methocel inhibition, filtrates of this organism 
being greatly affected : 


Urea (1.67M) 


Inhibition 

Cx S factor 
0.1% methocel 
0.01% methocel 


1% 
80% 


92% 
81% 


Cellobiose inhibition of C+ was reported previously 
{10}. It was shown that in most cases cellobiose 
had a much greater inhibiting effect than other sugars, 


including glucose. There were exceptions, however, 


in which the degree of inhibition by 1% cellobiose 
was low, and equalled by glucose. The data for 
inhibition of S factor (Table 1) show that in all 
cases but one (Streptomyces sp.), cellobiose inhibi- 


TABLE II. Ratio or S Factor/Cx For FILTRATES 
OF SEVERAL ORGANISMS GROWN ON CELLULOSE 


Activity* Ratio 
Cx Sfactor SF/Cx 
Trichoderma viride 6a 3.5 100 29 
Myrothecium verrucaria 460 5.0 96 19 
Streptomyces sp. B814 2.6 8.6 
Chaetomium globosum 459 0.5 1.2 
Penicillium pusillum 137g 16.0 21.0 
Pestalotia palmarum 381 2.6 3.1 
Aspergillus flavus 10e 0.9 0.64 
Aspergillus niger 458 1.4 0.6 


QM 


Name No. 








* Activity in units/ml. 





TABLE 





Filtrate 


Myrothecium verrucaria —_ 
Myrothecium verrucaria 
Penicillium pusillum — 
Penicillium pusillum 
Trichoderma viride — 
Trichoderma viride 





* Solka Floc is a finely divided wood cellulose (Brown Co., Berlin, N. H.). 


—i.e., for unadsorbed enzyme. 
t Activity in units/ml.; pH 5.3. 


Treatment 


Solka Floc adsorption (pH 4.9) 2.2 35 
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tion is much greater than glucose inhibition. Our 
previous data show Cx activity of this organism to be 
inhibited much more by cellobiose than by glucose. 


Differences Between Cx and S Factor 
pH-activity curves—Marsh |6] pointed out to us 
an odd bimodal pH-swelling activity curve for his 
filtrate of Myrothecium verrucaria. Our filtrates of 
this organism do not behave in the same manner, but 
have a single, broad-optimum range. Filtrates of 
two other organisms, however, have well-defined bi- 
modal pH-swelling curves. The optima are at pH 
3.0 and at pH 5.2 in both cases (Figure 2). The 
two peaks are of about the same height for Tricho- 
derma viride, but the acid peak is consistently higher 
than the second peak in Penicillium pusillum. These 
bimodal curves are quite different from the single- 
peak pH curves usually found for Cx activity. The 
main difference is the presence of an additional peak 
for S factor at pH 3, at which level Cx is not active. 
Nickerson [8] made a similar observation on a 
different system—namely, the effect of pH on respira- 
tion of dermatophytes. He found that the dip be- 
tween the peaks could also be obtained if salt con- 
centration were plotted against activity, from which 
it could be deduced that the phenomenon is attribu- 
table to the effect of salt on protein. 
ported that salts inhibit the S factor. 


Marsh [6] re- 

In checking 
this, we found that in all cases swelling activity falls 
off rapidly with increasing salt concentration, and 
that a dip is discernible, giving a bimodal curve, but 
only at pH 4.5. (At pH 3.0, no dip is detectable; 
at pH 5.2, a slight plateau only is in evidence. NaCl 
concentration at the dip = 1.0% -1.3% ; citrate con- 
centration = 1.25%.) It is probably significant that 
the dip in the salt concentration curve occurs at the 
same pH as the dip in the pH-activity curve. We 


CHANGES IN Ratio oF S Factor/Cx DuRING PURIFICATION 


ActivityT Ratio SF/Cx 
Cx SF (pH 5.3) 
3.2 64 20 


Solka Floc* adsorption (pH 5.0) 2.2 17 7.7 


21 55 2.6 


Solka Floc adsorption (pH 3.3) 11 5.5 0.5 


3.2 100 31.3 


15.9 


The values shown are for the residual solution 
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have not investigated this point further. It is en- 
tirely probable that our failure to obtain a bimodal 
curve for Myrothecium verrucaria is due to the use 
of conditions different from those of Marsh. 

Jermyn [2] reported instances of bimodal pH- 
activity curves for 8-glucosidases in the filtrates of 
Aspergillus oryzae. He believed that such curves 
indicate the presence of two £-glucosidases. 

Relative ratios of S factor/Cx—We have been 
unable to obtain either Cx free of S factor or vice 
versa. As a result, we have found it necessary to 
use a less direct approach. If two factors are in- 
volved, the ratio of one activity to the other should 
vary with the organism producing them, with the 
conditions of growth of the organism, and with the 
various steps in purification or inactivation. In an 
attempt to see how widely the ratios differ, a series 
of 80 organisms was grown on cotton duck strips 
in test tubes. The range of ratios was found to be 
0.442, the values being distributed uniformly. Since 
the ratios do vary (Table II), it is apparent that two 
or more factors are involved. 

Cellulolytic enzymes are adsorbed on cellulose at 
low pH [11]. The data (Table III) indicate that 
a preferential adsorption of S factor takes place, 
since the residual solution has a lower S factor/Cx 
ratio than the original. Concentration of filtrates 
by acetone precipitation did not change the ratios for 
three filtrates tested. Heat inactivation at pH 3.0 
had no effect on the ratio in Trichoderma viride fil- 
trate, but lowered the ratio in a filtrate of Penicillium 
pusillum. 


Growth of Myrothecium verrucaria at low pH 
(4.14.5) gave a filtrate of lower ratio (R = 7) than 
growth at higher pH levels (6.6-7.0; R= 16). 
This agrees with adsorption being greater at the 
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Fic. 3. Location of various types of activity factors 
on paper chromatograms. Filtrate of Pestalotia pal- 
marum. 
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low pH’s and swelling factor being more readily 
adsorbed than Cx. 

Movement of Cx and of S factor on paper chroma- 
tograms.—Chromatograms showing a multiplicity of 
Cx factors in filtrates have been published [9]. If 
Cx and S$ factor differ, their movement on paper 
might be different. Unfortunately, the assay of frag- 
ments of paper chromatograms for S factor activity 
is unsatisfactory, probably because of the great dilu- 
tion of enzyme. In the swelling test, the aliquot of 
the strip is placed in 15 ml. of M/20 buffer containing 
the fiber, whereas in the CMC test, much less volume 
(1 ml.) is employed. The dilution factor has been 
partially overcome by prolonged incubation periods 
(19-23 hrs. at 40°C). 

It was observed that in Myrothecium verrucaria 
filtrates, the S factor moves slowly on the chroma- 
togram, and is associated with the first Cx spot. No 
detectable S factor accompanies the fast-moving Cr 
fraction. 

In Pestalotia palmarum filtrates, there are at least 
three Cx components. The major Cx component 
moves rapidly, and is found near the solvent front 
(Figure 3). A second Cx component moves more 
slowly (it is not sharply defined in Figure 3 because 
a large sample was placed on the chromatogram), 
and the third component remains at the starting 


INCREASE IN SWOLLEN WEIGHT (MG) 


02 04 06 O8 1.0 
HCI CONCENTRATION (%) 


Fic. 4. Effects of acid and enzyme on subsequent 
alkali swelling. A A, Fiber was autoclaved with 
hydrochloric acid at 121°C for 30 min.; then it was 
washed, blotted dry, and incubated with cell-free filtrate 
of Trichoderma viride for 2 hrs. at 30°C; the swollen 
weight in 18% NaOH was determined. O---O, Acid 
hydrolysis was carried out as above; then the fiber was 
incubated with cell-free filtrate of Trichoderma viride 
for 2 hrs. at 30°C; the swollen weight in 18% NaOH 
was determined. (The fiber disintegrates on autoclav- 
ing with 1% HCl.) 
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point. The S factors appear to be at least two in 
number. While the dip shown in the curve is slight, 
it has been found to appear with all strips tested. 
Neither § factor is related to the fast-moving Cx 
component. 


Nonensymatic Factors Affecting Swelling 


In order to better understand the action of the S 
factor, other conditions affecting the swelling of cot- 
ton fibers in NaOH have been investigated. 

Effect of dilute mineral acids—When fiber is 
autoclaved (121°C) with as little as 0.05% HCl, 
there is a marked increase in subsequent alkali up- 
take. As the concentration of HCI is increased to 
1%, the alkali uptake increases and the fiber disin- 
tegrates (Figure 4). 

If acid and enzyme act on different linkages, the 
action of both should exceed the action of either. 
Treatment with 0.05% HCl followed by treatment 
with enzyme (Figure 4) gives swelling equal to that 
obtained by enzyme alone (when allowance is made 
for loss in weight of the acid-treated fiber in alkali). 
The action of both acid and enzyme seems to be on 
the same linkage. 

Effect of alkali—Pretreatment of fiber with alkali 
has little effect on subsequent swelling. A 30-min. 
boil with 1% NaOH gave an increase of only 27 mg. 
in swollen weight. Treatments which may be ex- 
pected to remove pectic materials (0.1N NaOH; 
0.5% (NH,).Ox at 60°C for 19 hrs.) gave no sig- 
nificant increases in alkali swelling. 

Effect of other compounds.—Reducing agents 
(0.5M NaHSO,; Na.S.O,) had no effect on sub- 
sequent alkali swelling. Oxidizing agents varied 
considerably in their action. A very marked in- 
crease (16 hrs. at 30°C) was obtained by using 
0.005M periodate (91 mg.) or permanganate (55 
mg.). Under similar conditions, the amount of 
oxidizing agent to produce appreciable swelling was 
M/2 for hypochlorite (pH 11) and M/1 for hydrogen 
peroxide (pH 3.7). Urea (10% at the boil for 30 
min.) had little, if any, swelling action. 

Effect of maceration——While cutting the sliver into 
small pieces with scissors does not lead to increased 
alkali swelling, maceration in a Waring Blendor for 
5 min. results in a maximum alkali-swelling value 
(221 mg.). This treatment is reported to remove at 
least part of the primary wall [13]. 


Discussion 
Site of Action of S Factor 


The cotton fiber is surrounded by a primary wall 
which has a restrictive effect on swelling in alkali 
and on uptake of Congo red. Damage to the primary 
wall by various types of mechanical, chemical, or 
biological actions is detectable by an increase in 
alkali swelling or an increase in Congo red stain- 
ing. The fact that mechanical tearing, as by a 
Waring Blendor, gives an increase in swollen weight 
of the same magnitude as that obtained by enzyme 
or acid is an indication that the primary site of action 
is probably the same in all cases. The rapidity with 
which enzyme action takes place supports the view 
that the action is on the primary wall. 

An analysis of the primary wall, removed by treat- 
ment in a Waring Blendor [13], gives 54% cellu- 
lose, 14% protein, 9% pectic substance, 8% wax, 3% 
ash, and 4% cutin (?). Might S factor be active on 
one of the noncellulosic components? The cotton 
sliver used in our experiments was treated to remove 
the waxy materials. The action of § factor appears 
to be unaffected by the presence of the waxy con- 
stituents. We agree with Marsh that it seems odd 
that wax does not interfere with the reaction. The 
large protein component is a possible site, but action 
of proteases and of boiling NaOH does not increase 
the alkali swelling. Nor is the pectic substance the 
substrate for S factor, since the reagents used to re- 
move pectic materials did not increase swelling. 
Indeed, many of the filtrates most active in S factor 
contain no detectable pectinase (unpublished data). 
Removal of any of these materials (wax, pectin, pro- 
tein) does not increase the swelling of fibers in alkali, 
nor does it affect the action of § factor on swelling. 
While these data indicate that S factor does not act 
on noncellulosic components, they are by no means 
exhaustive. Nothing is known of the possible link- 
ages existing between the components, or of agents 
active in splitting those linkages. The fact remains, 
however, that the netlike arrangement of cellulose 
fibrils is the only known structure in the primary 


wall, and, as such, may be capable of restricting swell- 
ing. The other components are imbedded between 
the microfibrils. 

A further observation indicates that the action of 
S factor is on cellulose. 


S factor is an adaptive 
It is produced only when the organism is 
grown on cellulose. The cellulose does not have to 


enzyme. 





668 


be cotton cellulose containing the pectin, protein, and 
wax of the primary wall. Any source of cellulose 
will suffice. We consider that the linkage on which 
S factor is operative is a common linkage in cellu- 
lose, and postulate that the action of S factor is not 
limited to the cellulose of the primary wall. Its 
action on that cellulose, however, is readily detectable 
by the swelling technique used in this work. 

The effect of periodate at pH 4-5 is in agreement 
with the theory that increased alkali swelling is due 
to a rupture of cellulose chains. Periodate acts on 
cellulose to form the dialdehyde. “The dialdehyde 
formed under these conditions is no more susceptible 
to acid hydrolysis than are normal glucosidic link- 
ages of cellulose. They are, however, very sensitive 
to alkaline cleavage” [7]. As with the enzyme ef- 
fect, the action of periodate can be very rapid, and 
thus presumably be limited to the primary wall. 
Periodate splitting of cellulose requires a later alkali 
step. While proof is lacking, we believe that the 
enzyme splitting is complete before the introduction 
of the fiber into the alkali. 

The early action of cellulolytic filtrates on cotton 
fiber was recently investigated by Blum and Stahl 
[1]. A loss in tensile strength of 30% occurred 
within 3 days, but no further loss took place over a 
period of 60 days. No changes could be detected 
in degree of polymerization, in loss in weight, or in 
crystallinity. It should be pointed out that the effect 


‘on swelling in alkali is a much more rapid and sensi- ° 


tive measure of activity. Filtrates of Myrothecium 
verrucaria of the type used by Blum and Stahl have 
a marked effect on the swelling capacity within 1 hr., 
even after a tenfold dilution. The loss in tensile 
strength was attributed by the above authors to a 
combination of surface action and internal degrada- 
tion of a highly specific type—i.e., along spiral planes. 


Place of S Factor in Cellulose Hydrolysis 


In our consideration of the mechanism of cellu- 
lose breakdown by cellulolytic filtrates, we began 
with the assumption that each organism produces a 
single enzyme of each type—i.e., one C, acting on 


native cellulose to liberate chains of anhydroglucose. 


units, one Cx hydrolyzing these chains, and one cello- 
biase. Of these, C, and Cyr act extracellularly, and 
cellobiase usually acts within the cell. Our work on 
S factor also began under these assumptions. This 
explains our early attempts to determine whether S 
factor was identical with or different from Cx. Now 
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there appear to be several Cx’s in a filtrate from cul- 
tures of a single organism [2, 9] differing in rate of 
movement in paper-strip chromatography. Enzyme 
fractions can also be obtained from various types of 
column which differ in. their movement on the column 
and in their relative activities on different cellulosic 
materials. Characterization of these components is 
in an elementary state, but the data have a bearing 
on the possible nature of S factor. 
There are two ways to explain the results: 


(a) That Cx and S$ factor are different—.e., that 
their actions are on different linkages. While the 
B-1,4-glucosidic linkage is widely accepted as the 
main link between units of the cellulose chain, the 
possibility of a second type of linkage has often been 
inferred. S factor could act on such a link. But 
it is not necessary to assume such a linkage, for ac- 
tion might be on the bond between carbon atoms 2 
and 3 of the glucose unit, in the manner of periodate. 
The data seem to indicate, however, that action of 
Cx and § factor are on the same linkage, since under 
no condition have we been able to obtain a fraction 
having only one type of activity. The similarity of 
the inhibition by cellobiose and by methocel supports 
the view that both activities have much in common. 
On the other hand, the presence of a pH optimum 
for S factor in a range where Cx is inactive (1.e., 
pH 3.0) indicates the possibility that the two factors 
may be quite different. 

(b) That S factor is a type of Cr—.e., action by 
both is on the same linkage. The development of 
data indicating several hydrolytic factors (Cx) in 
filtrates leads us to the necessity for determining how 
each factor acts. Jermyn was able to show Cx’s 
differing in their relative activities on cellobiose and 
on CMC. Our data indicate Cx’s differing in their 
relative activities on CMC and on swelling. As to 
how two enzymes acting on the same linkage can 
show such differences, we might suggest: (7) simi- 
larity to the amylases in random vs. endwise degrada- 
tion. A high SF/C-x ratio might be due to a random 
type of action, while the reverse (low ratio) might 
be due to endwise attack, in which free ends would be 
relatively scarce in the primary wall; or (2) com- 
parison of oligosaccharases with polysaccharases, in 
which the determining factor is chain length. Here 
the data of Jermyn are understandable on the grounds 
that a factor having a high CB/C-.x ratio has a pref- 
erence for short chains, while a factor having a low 
CB/C~x ratio has a preference for longer chains. On 
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this scale, our Cx’s, having no detectable cellobiase 
activity, would indicate preference for the longest 
chains. 


The work of Jermyn [2] on the cellulolytic system 
of Aspergillus oryzae complements our own. The 
organism he used is unable to grow on native cellu- 
lose (cotton), and thus differs from the strongly 
cellulolytic organisms which form the basis of our 
work. Both he and we have independently con- 
cluded that there is more than one Cx produced by 
an organism; and in this we disagree with Whitaker 
[14]. The Cx components of Aspergillus oryzae 
have an action on simple §-glucosides, differing in 
this respect from the Cx components of the strongly 
cellulolytic organisms. On this basis, Jermyn would 
abolish the traditional distinction between simple B- 
1,4-glucosidases and -1,4-polyglucosidases. The 
scheme evolving appears to be that of a family of 
8-glucosidases having the ability to attack substrates 
within a particular range of chain lengths. Whether 
one wishes to call these enzymes C.’s or £-glucosi- 
dases (in the sense of Jermyn) is relatively unim- 
portant. It is interesting that multiplicity of com- 
ponents has been demonstrated at both ends of the 
spectrum (1.e., cellobiase/Cx ratio and SF/C-x ratio). 
The middle zone must remain undetermined until 
further characterization of substrate is achieved. 

It should be clear from the above that, at present, 
we prefer to consider S$ factor a type of Cx in which 
the swelling activity is high in comparison with the 
action on CMC. This would appear to receive sup- 
port from the cellobiose and methocel inhibition data, 
and from our inability to entirely separate the two 
types of activity. On the other hand, the § factor 
may possibly act on some linkage in cellulose other 
than the B-1,4-linkage. If it does, then S factor may 
be the enzyme C, which previously has been postu- 
lated. 


Summary 


There is an enzyme (S factor) present in the 
cellulolytic filtrates of fungi which has the ability to 
act on the primary wall of cotton. 
18% NaOH, enzyme-treated fiber swells much more 
than does untreated fiber. 
on the cellulosic component of the primary wall. 

Several hydrolytic enzymes (Cx) appear to be 


When placed in 


The action appears to be 


present in cellulolytic filtrates. The relationship of 
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S factor to Cx varies with the organism, with growth 
conditions, and with conditions of purification. As 
a result, S factor may be a component entirely differ- 
ent from Cx, or it may represent an action of a par- 
ticular Cx type. Current data favor the latter view. 
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Moisture Regain and Accessibility of Cellulose Derivatives 


THE UNIVERSITY 
Department of Textile Industries 
Leeds, England 
February 5, 1954 
To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


There has been much interest recently in the meas- 
urement of the accessibility of polymers to various 
reagents to provide an estimate of the degree of 
crystallinity of the polymer, the theory being that 
only the amorphous regions and the fringes of the 


MOLECULES WATER PER POLYMER UNIT 


Fic. 1. Relation between moisture regain at 65% 
R.H. and degree of substitution (D.S.) for methyl cellu- 
lose (©) and cellulose acetate (@) (after Gibbons). 


crystallites are accessible. Most of this work has 
been concerned with cellulose, whose accessibility to 
numerous reagents has been studied; of these, the 
most promising from the points of view of simplicity 
and reliability are liquid deuterium oxide [1] and 
water vapor [4]. Mark ef al. [1] found that the 
accessibilities of various types of celluloses to deu- 
terium oxide varied from 0.44 for cotton to 0.86 for 
a high tenacity rayon. Howsman [4] measured the 
moisture regains of the same types of cellulose and 
found that these paralleled the accessibilities to deu- 
terium oxide. Assuming that the moisture regain 
is a measure of the accessibility and that Mark’s 
value for the accessibility of cotton (0.44) is correct, 
Howsman obtains the accessibilities of the celluloses 
by multiplying by 0.44 their sorption ratios—.e., 
their moisture regains relative to that of cotton. 
Both Howsman and Mark et al. derive estimates of 
the crystallinity of the celluloses that agree well with 
those based on x-ray and densimetric studies [5]. 

This technique is so simple that its extension to 
other polymers, in particular cellulose derivatives, 
would be most desirable. Fundamentally, applica- 
tion of the method requires a knowledge of the mois- 
ture regain of the completely accessible polymer, and 
a recent paper by Gibbons [2] enables this to be cal- 
culated for cellulose acetate and methyl cellulose. 
Gibbons found that for cellulose acetate and methyl 
cellulose, prepared in homogeneous reactions so that 
substitution was completely random, there was a 
linear relation over a wide range of compositions be- 
tween the moisture regain—expressed as molecules 
of water per polymer (anhydroglucose) unit—and 
the degree of substitution (D.S.); his results are 
shown in Figure 1. In the region AB, introduction 
of bulky substituent groups destroys the crystallinity 
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with a consequent increase in accessibility and re- 
gain; at B, completely accessible material is formed, 
and then there is a linear decrease in regain as less 
hydrophilic groups are introduced. After C, crystal- 
lization once again becomes possible and the regain 
is rapidly reduced. The portion BC on this view 
represents the regain of a completely accessible, 
randomly substituted cellulose derivative, and hence, 
as Gibbons points out, back extrapolation to D.S. = 0 
should give the moisture regain of completely ac- 
cessible cellulose. 

A further deduction, which Gibbons did not make, 
is that extrapolation to D.S. = 3.0 should give the 
moisture regain of completely accessible trisubstituted 
cellulose, and from this the accessibility of a trisub- 
stituted cellulose can be calculated if its regain is 
known. Justification of this procedure comes from 
a number of facts. First, Gibbons found essentially 
the same regain for accessible cellulose from his ex- 
periments on both cellulose acetate and methyl! cel- 
lulose—viz., 1.56 and 1.50 molecules of water per 
polymer unit at 65% R.H., respectively. Secondly, 
Howsman’s data for regain at 58% R.H. yield a 
value of 1.53 molecules of water per polymer unit as 
the regain of fully accessible cellulose at 65% R.H., 
in excellent agreement with Gibbons’ value. 

Justification of the rearwards extrapolation having 
been provided, the extrapolation to D.S. = 3.0 may 
now safely be considered; this yields the values 
shown in Table I, the value for cellulose being given 
for purposes of comparison. 

Furthermore, the regains (R) at 65% R.H. (in 
molecules of water per polymer unit) of completely 
accessible and randomly substituted cellulose acetate 
or methyl cellulose are defined by the linear parts of 
the regain, D.S. curves, and satisfy the equations: 


R = 1.56 — 0.27 D.S. 
for cellulose acetate and 

R = 1.50 — 0.323 D.S. 
for methyl] cellulose. 


Hence, the ratio of the experi- 





TABLE I. ReGatns or FuLLy ACCEssIBLE CELLULOSE 
TRIACETATE AND TRIMETHYL CELLULOSE 
Regain at 65% R.H. 
Mol. H.O per 
polymer unit 
0.53 


0.75 
1.53 





Polymer 


(%) 
4.68 
4.69 

17.0 


Trimethyl cellulose 
Cellulose triacetate 
Cellulose 
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mental regain .of a cellulose acetate of any D.S. to 
that given by the above equation represents the ac- 
cessibility of the cellulose acetate. 

This technique has been applied to a number of 
cellulose acetates and methyl celluloses, with the 
results shown in Table II. 

These values are very satisfactory and in accord 
with reasonable expectation. Trimethylcellulose, a 
highly crystalline material, has an accessibility of 
0.41, comparable to that of cotton (0.44), which has 
about 70% crystalline material. Cellulose triacetate, 
as might be expected from its very poorly-defined 
x-ray diagram [7], has a high accessibility. After 
heating to 219° for 6 hrs., however, the accessibility 
is considerably reduced, due to the increased crystal- 
lization that occurs under these conditions. Finally, 
the cellulose triacetate which has been spun into a 
yarn has a lower accessibility than that prepared 
from cotton linters, presumably as a result of the in- 
creased order induced by the manufacturing proc- 
esses ; its accessibility would probably have been even 
lower if a true triacetate had been used, and not a 
polymer with a D.S. of 2.85. The values of the 
accessibilities should not be regarded as absolute, 
since they are highly dependent on the slope of the 
regain, D.S. plot, and a small error in this will cause 
a large alteration in the accessibilities. However, as 
a means of providing an estimate of the degree of 
order of a randomly substituted cellulose, these ac- 
cessibilities should be very useful. A quantitative 
interpretation of these accessibilities in terms of the 
degree of crystallinity must await x-ray determina- 
tions of the sizes of the crystallites. 


TABLE II 
% Regain at 65% R.H. 
Calc. for 
accessible 


polymer 
(at 21°C) (at 25°C) 


Accessi- 
bility 


Exptl.* 
Polymer 
Cellulose triacetate 
prepared from 
cotton linters 3.0 
As above, annealed 
at 219° for 6 hrs. 
in vacuo 3.0 
Cellulose triacetate 
yarn 
Trimethy!l cellulose 


4.20,4.15 4.69 0.89 


3.00 4.69 0.64 


2.85 
2.96 


3.85, 4.03 
1.96, 1.98 


5.06 
4.81 


0.78 
0.41 





* The use of the regain at 21°C instead of 25°C does not 
lead to any appreciable error. Published data [6] on second- 
ary cellulose acetate indicate that R2°/R»° = 0.98, and it 
would be expected that for cellulose triacetate and trimethyl 
cellulose the ratio would be even nearer unity. 
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These results, which will be published in detail 
later, indicate that the method will be very fruitful 
in characterizing cellulose derivatives. Extension of 
the technique to other substituted celluloses and cor- 
relation with x-ray and densimetric studies are in 
hand. A further point of interest lies in the com- 
parison of the regains of the various completely ac- 
cessible trisubstituted celluloses, which may enable 
the relative hygroscopicities of chemical groupings to 
be determined ; on the basis of the figures in Table I, 
—OCH, has only 4 and —O.CO.CH, only $§ the 
hygroscopicity of —OH, if sorption is regarded as 
occurring only at the polar groupings. Previous 
work along these lines [3] was vitiated by the neglect 
of the polyphase structure of cellulose. 

I am indebted to British Celanese Ltd. for the gift 
of a sample of cellulose triacetate and to Mr. W. A. 
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Richardson of The British Cotton Industry Research 
Association for the gift of the trimethyl cellulose and 
the acetate yarn. 
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The Bilateral Asymmetric Deposition of Gold in Wool Fibers 


THE UNIVERSITY 

Department of Textile Industries 
Leeds, England 

February 13, 1954 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


Mercer [4] demonstrated by tryptic-digestion ex- 
periments on merino wool previously supercontracted 
in water at 120°C (14 hrs.) that the cortex of a non- 
medullated fiber can be divided laterally into two 
distinct portions which differ in chemical stability. 
He terms the more stable portion “paracortex” and 
the less stable “orthocortex.”” This work confirmed 
the phenomenon of the bilateral asymmetric structure 
of the cortex and its correlation with fiber crimp de- 
duced by Horio and Kondo [3] who used differen- 
tial dyeing techniques. 

The purpose of this note is to report a phenomenon 
parallel to the one described above. Treatment of a 
highly crimped wool fiber with a gold chloride solu- 
tion under the proper conditions results in an asym- 
metrical deposition of coarse, black metallic gold par- 
ticles in the cortex, and this deposition can be cor- 
related with the crimp of the fiber. The gold stain- 
ing technique employed is similar to that used by 
Billingham [2] for the identification of “white den- 


dritic cells” in nonpigmented mammalian epidermis. 

Purified Merino, Lincoln, white Welsh Mountain, 
Scotch Blackface, Romney, and Wensleydale wool 
fibers were pre-swollen in 98-100% formic acid for 
20 min., rinsed in distilled water for 2 min., and 
blotted on filter paper. The fibers were then placed 
in a 2% aqueous solution of gold chloride for 10 
min., rinsed again in distilled water and_ blotted. 
Finally, they were immersed for a few hours in a 
25% aquéous formic acid solution and washed over- 
night in running water. (All treatments were car- 
ried out at room temperature using solution to wool 
ratios of approximately 500:1.) Microscopic ex- 
amination using a benzene mount showed that the 
fine, highly crimped fibers contained short streak- 
like deposits of metallic gold which were asym- 
metrically distributed within the cortex. The cortex 
itself varied in color from pale pink to deep red, 
probably because of the deposition of much finer gold 
particles. (Insufficient swelling in formic acid prior 
to treatment with gold chloride results in only a 
differential pink-red staining of the cortex similar to 
that described for dyes by Horio.and Kondo [3].) 
The background color in the cortex [5] and some 
coarse, black deposits of gold on the fiber surface 
were removed by continually flooding the slide for a 
few hours with a 0.1% potassium cyanide solution at 
room temperature. 





Jury, 1954 


Fic. la. Lincoln wool fiber containing asymmetric 
gold deposits (1200 <). 


Fic. lb. Cross section of merino wool fibers contain- 
ing gold deposits (350 X). 


The black gold streaks in the clarified cortex were 
parallel to the main axis of the fiber, and in most 
cases, especially in highly crimped fine fibers, the 
“streaks” were asymmetrically distributed across the 
diameter of the fiber (Figures la and 1b). In addi- 
tion the region of the cortex with the greater concen- 
tration of gold is always found as the inner portion 
of any single crimp curve and it runs continuously 
along the fiber with a helical twist or “cross-over” 
at each point of transition from crest to trough 
(Figures 2a and 2b). Experiments are in progress 
to relate this unsymmetrical deposition of gold to 
the normal, unstrained configuration of an untreated 


Fic. 2a. Merino wool fibers containing gold deposits 
in the inner portion of a crimp bend (350 x). 


Fic. 2b. Merino wool fibers showing the relation- 
ship between gold deposits and fiber crimp (90 x). 


fiber, since the treatment described above undoubt- 
edly alters the shape which the untreated fiber as- 
sumes after temporary and cohesive set have been 
removed [6]. It is of interest to note that the black 
gold streaks have also been found in the cortices of 


the straight hairs of white and albino guinea pig, 
white rabbit, and white goat after treatment of these 
fibers in the manner described above. 


In these cases, 
however, and even in the coarse, lesser crimped wool 
fibers, the bilateral asymmetric deposition of gold 
was not as obvious as in the fine highly crimped wool 
fibers. 





Fic. 3. Merino wool cortical cells containing 


gold deposits (3000 x). 


In order to study the relationship between Mercer’s 
ortho- and paracortex and the asymmetric deposition 
of black gold streaks, treated wool fibers were super- 
contracted in water at 120°C, for 14 hrs. in a sealed 
tube, and subsequently immersed overnight in a 
trypsin solution buffered at pH value 8.6 (40°C) 
[4]. Microscopic examination revealed that in a 
highly crimped fiber the section of the cortex which 


contained little or no gold streaks had been digested 
so that the portion containing the gold deposits was 
left as a helix surrounded by the cuticular sheath. 
It is clear that the coarse streaks of gold are deposited 


mainly in the more stable paracortex. On isolating 
individual cortical cells after tryptic digestion, the 
black gold deposits appeared as single, elongated, 
streaky masses centrally located in, and parallel to, 
the main axis of the cells (Figure 3). The gold 
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streaks in a few cells which had become gelatinized 
appeared to consist of small spherical bodies (diam- 
eter approximately 0.5 — 1.0%) which exhibited con- 
siderable Brownian movement. In some cells, in 
addition to the main central streak, much smaller 
individual gold granules were found. At present the 
gold deposits are being isolated, and will be examined 
under the electron microscope for structural details. 

A preliminary microscopic study of white wool 
follicles indicated that the black streaks of gold appear 
in the cortex at about the level of keratinization [1 | 
while other black stained bodies are found at this 
level in the inner root-sheath. In addition, a group 
of asymmetrically distributed black bodies is found 
at the bulb level after gold staining. The study of 
the relationship between these gold-stained extra- 
corticular bodies in the follicle and the cortical cells 
which exhibit black gold deposits is being continued. 

The authors are indebted to the International Wool 
Secretariat and the New Zealand Wool Board for 
financial aid which enabled this investigation to be 
carried out. 
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Blistering of Cellulose Acetate in Chloroform 


TEXTILE RESEARCH INSTITUTE 
Princeton, N. J. 
February 12, 1954 

To the Editor 

TEXTILE RESEARCH JOURNAL 


Dear Sir: 


We have observed an unusual result on immersing 
cellulose acetate in chloroform. In addition to swell- 
ing the fibers considerably, the chloroform pro- 
duces what appear to be blisters on their surface. 
The blisters are somewhat similar in appearance to 
those produced on wool during the Allworden reac- 
tion [2]. 

The blisters were observed in the following way. 
A single cellulose acetate fiber, 2-3 cm. long, was 
placed in a depression slide. The depression was 
filled with chloroform and covered with a cover slip. 
The slide was then observed microscopically, using 
a 100 X magnification. 

Three types of acetate fibers were used: (1) a 
specially made, round, roughly 40-den. monofil,* 
(2) a commercial yarn, Estron (150 2/38),¢ (3) a 
special yarn similar to a commercial yarn but not 
treated with a finishing oil.* Both Merck reagent 
grade chloroform and Merck reagent grade chloro- 
form dried over Drierite were used. Since no differ- 
ences were found between the dried and undried 
chloroforms, the undried was used for the bulk of 
the experiments. 

With the first two types of acetate fibers, blisters 
formed in the first 5 min. and increased in size and 
number over a period of 1 hr. With the third type, 
about 2 hrs. were required for well-formed blisters 
to appear. Figure 1 shows the blistered state for 
each of the three types of acetate fiber. Figure la 
shows the blistering of the round monofil after slightly 
less than 1 hr. in chloroform; Figure 1b shows the 
commercial acetate after 2 hrs. in chloroform; Figure 
lc shows a fiber from the unoiled yarn after 18 hrs. 
in chloroform. All of the photomicrographs were 
made using about the same magnification. It is evi- 
dent that large blisters occur with greater frequency 
with the first two types of fibers than with the third. 


* Obtained through the courtesy of the Summit Research 
Laboratory, Celanese Corporation of America, Summit, New 
Jersey. 

+ Obtained through the courtesy of the Tennessee Eastman 


Co. 


If the chloroform is removed by drying after the 
blisters have been formed, the blisters seem to be 
formed of a brittle, horny material. Tentative efforts 
to puncture the blisters when wet were unsuccessful, 
the blisters being somewhat elastic. Thus, we can- 
not say with certainty whether what we have called a 


c 


Photomicrographs of cellulose acetate fibers 
swollen in chloroform. 
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blister resembles a blister resulting from a burn or a 
welt from a mosquito bite, although the former seems 
more probable to us. It is possible to see what ap- 
pear to be blisters under blisters, suggesting that the 
blisters are not limited to the surface of the fiber. 

Reference has been made to the fact that these 
blisters resemble those produced on wool by the 
Allworden reaction. However, the comparison can- 
not be pushed too far. The Allwérden reaction is 
produced by a chemically active reagent, chlorine 
water, on wool, which is a fiber containing a number 
of chemically active groups. Furthermore, wool is 
morphologically complex and is surrounded by a rela- 
tively impermeable, chemically resistant sheath, the 
epicuticle. Chloroform and cellulose acetate are rela- 
tively inert chemically, and it is difficult to imagine 
a chemical reaction between them. It is possible that 
acetate fibers have a form of sheath or skin. This 
skin would be unlikely to differ chemically from the 
body of the fiber but would differ with respect to 
orientation and degree of order. 

The inertness of the acetate and chloroform makes 
it probable that the blistering reflects some form of, 
inhomogeneity. Several types of inhomogeneity can 
be imagined. For example, since chloroform is a 


solvent for cellulose triacetate [1], microregions ap- 
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ptoaching the triacetate in acetate content might be 
expected to swell more than surrounding regions of 
lesser acetate content. Similarly, microregions dif- 
fering in physical order and crystallinity could cause 
differential swelling. If the existence of a skin is 
postulated, other possibilities are opened up, such as 
osmotic swelling resulting from the dissolving of low 
molecular weight portions to which the skin is im- 
permeable. It is evident that the character of the 
bubble formation is influenced by the way in which 
the acetate is made and possibly by the use of a 
finishing oil. 

It is not the purpose of this letter to determine 
what type of inhomogeneity is involved. Presumably 
it will appear in other types of fine structure experi- 
ments also, including other swelling experiments. In 
this connection it might be noted that we have been 
unable to observe blistering with ethyl acetate, which 
is also a strong swelling agent for cellulose acetate. 
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INDUSTRIAL SECTION 


Comparison of Wools Between and Within 
Several Breeds of Sheep 


R. A. O’Connell and H. P. Lundgren 


Western Regional Research Laboratory,* Albany, California 


Abstract 


Wools produced from five widely differing breeds of sheep which were raised under the same 
environmental and dietary conditions have been studied. By means of stress-strain analysis of 
wet fibers, certain mechanical properties have been evaluated and differences shown to exist 
among the several breeds, independently of differences in fineness dmong the wools. Wools 
from individual animals within breeds were also found to differ significantly in mechanical 
properties. The dependency of mechanical properties on the fineness of wool has been found 
to vary in a manner which indicates that crimp in the fiber strongly influences mechanical 
properties. Crimpy wools tend to have a negative dependency of mechanical properties on 
diameter, whereas the low-crimped wools tend to have a positive dependency of mechanical 


properties on diameter. 


Correlations have been established between the various properties 


studied, and high interdependencies have been found. 





Ir has long been recognized that wools from various 
breeds of sheep differ in physical properties [4, 8, 12, 
15, 19]. The question as to whether these differ- 
ences merely reflect variations in fiber fineness or 
in some other property, independently of breed, or 
whether they represent intrinsic breed differences is 
important to those who seek better means of classify- 
ing and standardizing wools. Since both diet and 
environment are known to affect wool properties 
[11], a systematic study has been made of the me- 
chanical properties of wools from sheep of five differ- 
ent breeds grown under the same environmental and 
dietary conditions. 

The breeds selected (Rambouillet, Columbia, Lin- 
coln, Suffolk, and Navajo) produce fine to coarse 
carpet-type wools. Twelve wether lambs were se- 
lected to represent each breed, and these were kept 
together for 1 year in a single flock on irrigated pas- 
ture near Dixon, Calif. The selection of the sheep 
was made by Prof. J. F. Wilson, Animal Husbandry 


* Bureau of Agricultural and Industrial Chemistry, Agri- 
cultural Research Service, U. S. Department of Agriculture. 


Division, College of Agriculture, University of Cali- 
fornia, and by the late Mr. Howard Vaughn, wool 
grower and past president of the National Wool 
Growers Association. Mr. Vaughn purchased and 
kept the sheep at his ranch for the year. After 1 
year the wool was sheared and subjected to exhaus- 
tive analysis. The present paper reports the prin- 
cipal results of the study. 

In addition to the main objective, the study has 
afforded opportunity to report other comparisons, 
including yields of grease wool and the shrinkage on 
scouring (grease and other impurities), 
of interest to the wool grower. 


which are. 


History and Sampling 


The 60 wether lambs were sheared at the time 
they were brought together as a flock on April 1, 
1950. Except for a Lincoln lamb which died dur- 
ing the year and a Suffolk which was sick for a short 
time, the flock appeared to thrive during the period 
in which the sheep were together. 

The shearing of the yearling wools was performed 
on April 3, 1951, by an experienced shearer. Shear- 
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Fic. 1. Photograph of locks 
of wool from each of the experi- 
mental animals. 


TABLE I. AverRAGE FLEECE WEIGHTS 





Rambouillet 
Average fleece Wt. (Ibs.) 11.2 
Coeff. of variation (%) 10 
American Wool Handbook: 
Ram fleece wt. (Ibs.) 
Ewe fleece wt. (Ibs.) 


15-25 


Columbia 


Lincoln Suffolk Navajo 


14.4 14.1 6.4 8.4 
7 9 18 15 


15-20 16-22 6-9 
10-12 5-7 


TABLE II. FLeece Composition FROM SHOULDER SAMPLE ANALYSIS 


Rambouillet 


Clean wool (%) 59 
Coeff. of variation (%) 6 


Grease (%) 13 
Suint (%) 13 
Dirt (%)* 16 


Columbia 


Lincoln Suffolk Navajo 
67 72 61 69 
11 4 8 5 


II 11 
10 1, 14 
12 14 





* By difference. 
ing and sampling were done under the supervision of 
Prof. J. F. Wilson and Mr. Howard Vaughn. Sam- 
pling of the wool was carried out as follows: The 
sheared, intact fleeces were laid out, and the tags 
(dirty wool lumps), belly, rump, and neck wool 
were removed and weighed ; these portions were then 
discarded. From the remaining wool, which repre- 
sented the main-body fleece and averaged about half 
the total fleece, samples of $ lb. each were withdrawn 


from the two sides of each fleece at the shoulder. 
The rest of the body fleece was stored for future re- 
search uses. In the photograph of the locks of wool 
from each animal (Figure 1), the wide range in 
character of these wools is readily seen. 


Grease Wool Analysis 


The average yields of grease wool for the several 
breeds are presented in Table I. For comparison, 





TABLE III 





Average fineness Average shrinkage 


Found Handbook Found Handbook 
(u) (grade) (grade) (%) (%) 


Rambouillet 21.4 64s 58s—70s 41 55-65 
Columbia 
Lincoln 
Suffolk 


Navajo 


28.1 56s 50s—56s 33 50 
38.5 40s 36s—46s 28 
34.7 46s 48s—56s 39 
37.7 40s 


20-35 
38-50 


carpet 31 30-35 


the typical average yields for these breeds, given by 
the American Wool Handbook |21], are included. 
The yields of grease wool observed for the experi- 
mental animals are normal for these breeds. 

The analyses of impurities in the grease wools 
obtained on the shoulder samples are summarized in 
Table II. 


‘ 


Each sample was extracted with Skelly- 
‘B” for approximately 6 hrs. in a Soxhlet ap- 
paratus. The filtered extract was evaporated to 
dryness, and the grease residue dried for 1 hr. at 
100°C before weighing. The air-dried solvent-ex- 
tracted was then extracted twice with two 
changes of distilled water at 50°C to recover the 
suint (dried perspiration). 


solve 


wool 


The extract was cen- 
trifuged to remove the dirt, and aliquots were evapo- 
rated to dryness to estimate the suint content. After 
further rinsing: with water, the wool was dried and 
conditioned at 65% R.H. to determine the weight of 
clean wool. The dirt content was calculated — by 
difference. The data summarized in Table II are 
reasonably close to records in the American Wool 
Handbook for similar wools. The percentage of clean 
wool determined for the Lincoln and Navajo was 
somewhat higher than the others, possibly because 
the fleeces of these animals are more open. 
Additional analyses on the fleeces are given in 
Table III. Shrinkage, defined as 100 minus the 
percentage of clean wool, is in general low, attributa- 
ble to the cleaner-than-average pasture conditions. 


Mechanical Properties 
Methods 


Stress-strain properties were determined on single 
fibers randomly withdrawn from the scoured shoulder 
samples. Prior to testing, the fibers were presoaked 
for 18 hrs. in water at room temperature, and they 
were then tested at 70°F submerged in water. We 
selected the wet mechanical properties for study, since 
these have lower variances and fewer tests are there- 
fore required. Also, we wished to acquire calibrated 


AREA OABO = WORK 


AREA CABO 
INITIAL LENGTH SPECIFIC WORK 


AREA CAO + WORK LOST 
IN HYSTERESIS 


AREA _OA0_ 
100 Rea Gabo © % WORK LOST 
STRAIN 
Typical 30% stress-strain hysteresis 
loop for wet wool. 


Fic. 2. 


fibers for simultaneous studies on chemical modifica- 
tion treatments. In all cases the testing was per- 
formed at a constant rate of loading of 2 g./gx./min., 
based on the grex as determined for the dry fiber. 
The fibers were stressed to 30% extension and then 
returned to zero, giving the familiar stress-strain 
The fol- 


lowing qualities were selected for the analyses: 


curve for wet wool diagramed in Figure 2. 


(1) Stress 30, g./gx., stress at 30% elongation. 

(2) Specific work, g./gx./mm., for 30% elonga- 
tion. This is the work required for 30% elongation 
divided by the initial length of the fiber in mm.— 
that is, the area OABO on the curve divided by /,. 


- It is the work required to elongate 1 mm. of fiber 


30%. 
(3) Ratio of specific work to stress 30. 
a dimensionless quality chosen to partially eliminate 


This is 


errors in measurements, especially grex determina- 
tions. 

(4) Work lost (%) inhysteresis. This is the work 
lost in hysteresis divided by the work to elongate to 
30%—that is, area OAO divided by area OABO 
times 100. 

(5) Young’s modulus, g./gx.. This is the slope 
of the straight line taken along the first part of the 
curve, 

(6) Yield stress, g./gx. This is at the intersec- 
tion of the two extrapolated straight lines as shown 
in Figure 2. 

(7) Ratio of yield stress to stress 30. 
dimensionless quality which is insensitive to diameter 


This is a 


measurement; this quality as well as that of (3) 
above are related to the “compliance ratio” of Beste 
and Hoffman [2]. 

All dimensional properties are reported in grex 
units (A.S.T.M. Standards of Textile Materials, 
D861-50, Oct. 1951), except for diameters, which 
are reported in microns. 
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Twenty-one fibers were tested from each fleece, 
and since occasional breakage occurred in handling, 
the final data are assembled for 18 to 21 fibers per 
animal. The instrument employed for determining 
the stress-strain properties was designed and built in 
our laboratory several years ago and was described 
recently [16]. 

Fineness measurements were made on these wools 
by means of a vibroscope modeled after that of Gon- 
salves [6]. The vibroscopic measurements were 
made by means of a 0.1-g. weight, with the points of 
contact 3 cm. apart. The simple string formula, 


v= (1/2L)VP/M, 


was used for calibration. This formula was checked 
against microbalance weighings, and it turned out that 
for the fine and medium wools the formula is suf- 
ficient, but some doubt was cast on the grex determi- 
nations for fibers with diameters greater than 35y. 
The measured diameters of the larger fibers may be 
several percentages lower; Montgomery and Millo- 
way recently discussed corrections to be applied to 
vibroscopic readings [14]. The Suffolk and Navajo 
samples were measured for fineness at 65% R.H. and 
70°F ; however, during the period the Rambouillet, 
Columbia, and Lincoln samples were being tested, 
the humidity was uncontrolled and averaged 10% to 
15% below 65%. This resulted in somewhat low 
grex determinations for these samples. The maxi- 
mum error which could be attributed to this defect is 
in the order of 4% in grex. This error affects the 
dimensional qualities, but is actually negligible. Since 
the tests were made on wet fibers, no other error due 
to the variable humidity is involved. 

Approximately 1 in. of the fiber, taken well below 


the tip, was involved in the test. The precise length 
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of the test sample between the mounting tabs was de- 
termined from the displacement of the fiber tester 
elongation mechanism when the crimp was removed 
and a slight load applied. Lengths were recorded to 
the nearest 0.1 mm. Stresses were read directly 
from the autographic record, and the areas under the 
curves were determined by planimeter measurements. 


Results 


The grand averages of the selected properties for 
each breed are given in Table IV. In general, the 
mechanical properties of all the wools follow a trend 
which runs from Rambouillet to Suffolk to Columbia 
to Navajo to Lincoln. The greatest differences in 
the stress-strain properties of these wools appear in 
the first part of the curve, with the differences becom- 
ing progressively smaller as the elongation proceeds. 
This indicates that the Rambouillet and Suffolk wools 
are less stiff (more compliant) than the others in the 
first part of the stress-strain curve, out to the yield 
point, but then become stiffer (less compliant) than 
the others in the second part of the curve, beyond the 
yield point. 

An interesting comparison can be made between 
the Rambouillet, Columbia, and Lincoln wools. The 
Columbia breed was developed by the Bureau of 
Animal Industry of the Department of Agriculture 
as a cross between the Lincoln and Rambouillet 
sheep, and it is significant that the measured proper- 
ties of the Columbia wool lie between those of the 
wools from the parent breeds. Moreover, in those 
cases having low variance, the Columbia wool has 
higher coefficients of variation. This indicates that 
the Columbia wool is somewhat less uniform than that 
from the parent breeds. The yields of clean wool 
by the Columbia breed similarly show a higher vari- 





TABLE IV. Granp AVERAGES FOR BREEDS (95% CONFIDENCE LimiITs*) 
ILLUSTRATING BREED DIFFERENCES 





Rambouillet 


21.4 +.5 
495 + .006 
-110 + .001 

66.9 + .2 
.223 + .001 

8.7 +.2 
326 + .005 
660 + .005 

244 


Diameter () 

Stress 30 (g./gx.) 

Specific work (g./gx./mm.) 
Work lost (%) 

Specific work/stress 30 
Young’s modulus (g./gx.) 
Yield stress (g./gx.) 

Yield stress/stress 30 

No. of fibers 


28.1 + 
526 + 
119 + 

65.0 + 
.226 + 

10.3 + 
354 + 
672 + 

245 


Columbia 


6 

008 
002 
A 63.0 +.3 
601 
3 15.2 
.007 
.007 


Suffolk 


34.7 +.5 
‘474 + .005 
106 + .001 
64.8 + .3 
.225 + .001 
8.2 +.2 
315 + .004 
663 + .006 
242 


Lincoln 


38.5 + .6 
557 + .009 
134 + .002 


Navajo 
37.7 

528 +. 

123 +. 
620 +. 

.233 + - 
144.2 +. 

374+. 

.707 + .005 

248 


.240 + .001 
+ .4 
410 + 
736 + 
228 


.006 





* The 95% confidence limits are computed as X + tE, where X is the mean, ¢ is ‘‘Student’s”’ 
the standard error of the mean (the standard deviation divided by the square root of the number of tests). 


mean similarly determined should fall within these limits. 


t (closely equal to 2), and E is 
95% of the time a 





Jury, 1954 
ance. The average stress values tabulated for these 
three breeds seem to indicate a strong positive de- 
pendency of stress properties on average fiber size. 
Others have variously reported that there is a posi- 
tive, a negative, or no dependency of stress properties 
on wool fiber diameter [1, 3, 4, 5, 7, 13, 22]. Later 
in this paper it is shown that the several breeds ex- 
hibit markedly differing diameter dependencies. 

The Suffolk wool shows abnormally low values in 
view of its rather large average diameter ; it exhibits 
mechanical properties similar to those of the Ram- 
bouillet wool, even though it is more than half again 
larger in average diameter. The properties of the 
Navajo carpet-type wool fall close to those of the Lin- 
coln wool, and the average diameters are also similar. 
The Navajo wool shows the higher variation in fine- 
ness typical of carpet-type wools. 

A correlation between the “hand” of fabrics and 
some single-fiber properties was reported by Hoff- 
man and Beste [9]. They found that the product of 
Young’s modulus and the fourth power of the diame- 
ter of the constituent fibers is related to the stiffness 
of the fabric; in Table V are tabulated the average 
values of this product for the wools studied. Ram- 
bouillet wool exhibits the lowest product, in accord- 
ance with the well-known softness of this wool; the 
low value for the Suffolk wool indicates ‘that this wool 
should produce softer fabrics than the other wools of 
similar fineness. The Suffolk, however, is one of 
the Down breeds which are reputed to produce harsh 
and springy wools, in demand for knitting yarns. 

Some work at this laboratory indicated that the 
work lost was related to the “hand” properties of 
loose wool fibers, softer wools showing a higher per- 
centage than the harsher ones. The % work lost 
values are included in Table V for comparison; it 
appears by this criterion that the Suffolk wool is 
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“softer” than its position in the fineness scale would 
warrant.* 


Statistical Analysis of Fiber Properties 
Between Breeds 


To determine whether differences in corresponding 
fiber properties between the Rambouillet, Columbia, 
and Lincoln wools were simply a reflection of diame- 
ter differences, analyses of variance (neglecting di- 
ameter), and covariance (adjusting for diameter de- 
pendency) have been carried out. These analyses 
indicate that even after adjusting for diameter de- 
pendency the differences between these wools are 
highly significant. Young’s modulus appears to be 
the best criterion of the tests studied for showing 
these differences. Even though strong diameter de- 
pendencies of the selected properties exist, the diame- 
ter differences alone do not account for the observed 
differences in mechanical properties. 

An analysis has been made of this diameter de- 
pendency (regression on diameter) of the various 


*W. G. Rose of this laboratory subjected these wools to 
chemical modification with beta-propiolactone and found that 
the rates of modification of the Suffolk wools fall similarly 
out of line in comparison with their diameters. 


TABLE V. Comparison oF HAND PROPERTIES BY METHOD 
oF HOFFMAN AND Beste [9]* 


Work 
lost 
(%) 


66.9 
65.0 


Young’s 

modulus 
8.7 
10.3 
15.2 
8.2 
14.2 


(Diam- 
eter) 

(21.4)4 
(28.1)* 
(38.5)4 
(34.7)4 
(37.7)4 


Rambouillet 
Columbia 
63.0 Lincoln 
64.8 Suffolk 

62.0 Navajo 


182 XK 10* 
642 & 10* 
3345 X 10! 
1189 x 10* 
2868 < 10* 


* Young’s modulus multiplied by (diameter)* gives high, 
medium, and low values for firm, crisp, and soft fabrics, 
respectively. 


TABLE VI. LINEAR REGRESSION COEFFICIENTS* FOR VARIOUS QUALITIES ON DIAMETER, ILLUSTRATING THE 


DOMINANTLY NEGATIVE DIAMETER DEPENDENCY OF THE PROPERTIES OF THE RAMBOUILLET 
AND SUFFOLK WOOLS 





Rambouillet 

—0.0020t 

— 0.00055 

—0.042 

— 0.00020 

—0.22+ 

— 0.00013 
0.0025t 


Stress 30 (g./gx.) 

Specific work (g./gx./mm.) 
Work lost (%) 

Specific work/stress 30 
Young’s modulus (g./gx.) 
Yield stress (g./gx.) 

Yield stress/stress 30 


—0.17t 





Columbia 


0.00065 
0.00022 


0.00011 
— 0.0065 

0.0023t 

0.0034+ 


Lincoln 


0.00018 
0.00025 
—0.19F 
0.00037 
0.066 
0.0022t 
0.0035 


Suffolk 


—0.0021t 

— 0.00056t 

— 0.044 

— 0.00022 

—0.15t 

— 0.00014 
0.0025T 


Navajo 
0.0035t 
0.00090+ 
— 0.096 

0.00016 
0.15t 
0.0035t 
0.0020t 


* The regression coefficient is the change in the quality tested per micron increase in fiber diameter, assuming a linear rela- 
tionship between the property and diameter. 


t Indicates a 99% or greater probability that the regression coefficient is not zero. 
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qualities for each of the breeds. For this comparison 
a linear dependency of the quality on diameter is as- 
sumed. The diameter dependencies (regression co- 
efficients, b *) are tabulated in Table VI. This table 
illustrates several significant features. In the Ram- 
bouillet wool most of the qualities decrease as the 
diameter increases. This is likewise true for the 
Suffolk wool, while within the other three breeds the 
qualities mostly increase with fiber diameter. The 
Navajo shows an especially marked positive diameter 
dependency. In all cases shown in the table the 
dimensionless % work lost shows a negative diameter 
dependency, but in the case of Rambouillet and Suf- 
folk this behavior is not significant and could be zero. 
Although values for ultimate tenacity were not in- 
cluded in this study, it may be expected to vary with 
diameter similarly to the stress at 30% elongation and 
thereby account for the lack of agreement in the 
literature previously mentioned. 

Also noteworthy is the similarity in the diameter 
dependency determined for the Rambouillet and Suf- 
folk wools, just as were the means, even though the 
two average diameters are greatly different. This 
resemblance of properties cannot be explained by any 
of these data ; however, visual examination of the fiber 
samples (Figure 1) brings out one striking resem- 
blance : the similar high level of crimp in these wools. 


* The regression coefficient is the change which occurs in 
a dependent variable per unit change in the independent 
variable. For the purpose of testing, it was assumed that 
the regression coefficients were zero (that is, diameter has 
no effect), and significance tests were performed on this basis. 
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Visual estimates of the crimp were made from the 
locks pictured in Figure 1 and were compared for 
indiviaual animals within the various breeds in an 
attempt to correlate the number of crimps per inch 
with the several properties. This approach was un- 
successful, and another separate study has been under- 
taken in which it was found that crimp in these fibers 
does influence the stress-strain curve out at least as 
far as 30% elongation. 


Analysis of Fiber Properties Within Breeds 

The properties of the wools were analyzed sta- 
tistically to determine whether the corresponding fiber 
properties differ significantly from animal to animal 
within each breed. Large and significant differences 
between the wools were found in all of the properties 
examined. For example, the mean values for diame- 
ter and Young’s modulus (95% confidence limits) 
together with the dependency of Young’s modulus on 
diameter (regression coefficients, >) are illustrated in 
Table VII for the Rambouillet, Columbia, and Lin- 
coln wools only. The values for the Suffolk wools 
are similar to those for the Rambouillet, whereas the — 
Navajo wools resemble those of the Lincoln, with the 
exception that the diameter dependencies of Young’s 
modulus for the Navajo wools are more positive. 
It is interesting to note that overlapping in properties 
occurs in several of the breeds ; for example, in Table 
VII it is seen that the wools of Rambouillet No. 4 
and Columbia No. 10 have closely similar properties. 

A complete analysis of covariance was performed 
on the wool data within each breed after the manner 





TABLE VII. 
() FOR INDIVIDUAL 








amas Diwecen. AND You nG’s Moputus (95% CONFIDENCE eaevaes) AND REGRESSION COEFFICIENTS 
ANIMALS, ILLUSTRATING DIFFERENCES AMONG ANIMALS OF THE SAME BREED 





Rambouillet 


Animal 
No. 


Young’s 


Diameter modulus 


19.2 + 


Diameter 


— 
+ 


Ht He He He He tt it HF 


$0 99 SO 31 & OO ON © 


wo oN = ip O&O 


ge 
4 


m 28.1 + 1.1 


Columbia 


Lincoln 


Young’s 
modulus 


12.5 + 
13.3 
10.6 
8.1 
8.9 


Young’s 


Diameter modulus 


1. 


1. 


SSeS eOKenNnoY 
FON A ONIN 
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1. 


rrccs Ts 


_ 
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~~ 
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* Signifies a 95% probability that 6 differs from zero. 
+ Signifies a 99% or higher probability. 
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of Snedecor [17]. This analysis shows, as in the 
previous section comparing properties between breeds, 
that when the effect of diameter is discounted, sig- 
nificant differences in Young’s modulus still exist 
among the wools of the individual animals within the 
breeds. In the case of the Lincoln, Suffolk, and 
Navajo breeds the wools for the individual animals 
exhibited no characteristic dependency of Young’s 
modulus on diameter; on the other hand, within the 
Rambouillet and Columbia breeds the wools display 
diameter dependencies characteristic of each breed. 
The significance of this uniformity of diameter de- 
pendencies for these breeds is not clear. Possibly 
the uniformity in fiber crimp in these breeds is re- 
sponsible. Since the wools within each breed differ 
significantly, it is apparent that breed averages are 
dependent on the number of fiber samples drawn per 
animal. Averaging all of the fiber data of a prop- 
erty for each breed as a unit, as done in Table IV, 
results in a bias favoring those animals from which 
The 
best estimate of a mechanical property characteristic 


the larger number of fiber samples were chosen. 


of a breed would be obtained by averaging the ave- 
rages of the property for the individual animals. No 
difference is observed in the means of Table IV, how- 
ever, since essentially the same number of fibers were 


tested for each animal. The confidence 


intervals 
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would be considerably increased, as indicated by those 
of the averages listed at the bottom of Table VII. 


Cross Correlations Between Qualities 
Within Breeds 


Cross correlations between all the fiber properties 
studied for each breed were calculated, and they are 
illustrated in Table VIII for the Rambouillet and 
Lincoln breeds only. The correlations obtained for 
the Suffolk fibers are similar to those for the Ram- 
bouillet, whereas the correlations for the Columbia 
and Navajo fibers are similar to those for the Lin- 
coln fibers. High correlations are seen between all 
the dimensional stress-strain properties, which indi- 
cates that the shape of the stress-strain curve must be 
remarkably uniform from fiber to fiber and that rela- 
tively few properties are required to characterize the 
fibers. It is of interest to mention that the excep- 
tionally high correlations (0.92 to 0.98) between 
stress 30 and specific work indicate that measure- 
ment of work, which requires measurement of areas, 
is unnecessary, and that the “30% index” of Speak- 
man [20] and Sookne and Harris [18] is equally well 
represented by the ratio of stresses; other similar 
correlations have been reported by Lindberg [10]. 
Since all of this data was processed mainly by the 
use of I.B.M. machines, the cross correlation tables 











Work lost 
(%) 


Specific 


Stress 30 work 


TABLE VIII. Cross CorreELations* 


Specific 


stress 30 


Yield 
stress / 
stress 30 


work/ Yield 


stress 


Young’s 


modulus Diameter 


Rambouillet 


Stress 30 

Specific work 

Work lost (%) 
Specific work/stress 30 
Young’s modulus 
Yield stress 

Yield stress/stress 30 
Diameter 


ee 

95 20 
—.22 
—.15 
BY 4 
83 

— .08 
—.18 


05 
19 
1S 
10 
.09 


—.15 
17 
.0S 


.03 
13 
48 
12 


Lincoln 


Stress 30 

Specific work .98 
Work lost (%) —.31 
Specific work/stress 30 15 
Young’s modulus 64 
Yield stress .90 
Yield stress/stress 30 13 
Diameter 01 


.98 31 
32 
—.32 
35 13 
.64 —.17 
.93 — 40 
.26 —.31 
.07 — .40 





15 ‘ : 13 
35 : 
— 13 ; . 31 
.24 
15 : ll 11 
39 ‘ 17 
.60 ‘ ode 35 
.24 ; , 35 


* A value greater than 0.13 might be expected to occur by chance one time in twenty, or greater than 0.17, one time in a 
hundred, for uncorrelated populations. 
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for the individual animals of the Suffolk and Navajo 
breeds were also obtained. These tables do not show 
features different from those of the breed tables. 

It is pertinent to note that the correlation coefficients 
for the Suffolk and Navajo breeds are of the same 
magnitude as those for the other breeds; this indi- 
cates that the lack of humidity control did not intro- 
duce any large error, which would be reflected by 
overly high correlation coefficients for the Ram- 
bouillet, Columbia, and Lincoln breeds. 

The correlations between the dimensionless ratios 
and the other qualities are in general smaller, and 
may be a reflection of differences in diameter de- 
pendency of the qualities comprising the ratios. The 
% work lost, which is the only quality affected by the 
return part of the stress-strain cycle, does not show 
the high correlations of some of the others, and, in- 
terestingly, shows its lowest correlations in the crimpy 
Rambouillet and Suffolk wools. 


Summary and Conclusions 


Significant differences have been found in im- 
portant mechanical properties of wools from several 
breeds of sheep raised under the same dietary and 
environmental conditions. Moreover, wools from 
individual animals of the same breed have significantly 
differing mechanical properties. The observed dif- 
ferences are not only related to fiber fineness; they 
are the reflection of intrinsic differences among the 
wools of the several breeds and among the wools from 
the animals within each breed. 

Mechanical properties of the Suffolk wools re- 
sembled those of the Rambouillet wools, despite an 
almost twofold diameter difference. Properties of 
the Columbia wools were intermediate between those 
of the parent Rambouillet and Lincoln breeds. The 
properties of the Navajo carpet wool were similar to 
those of the Lincoln wool, which had nearly the same 
average diameter and crimpiness. 

Correlations between the various properties chosen 
for investigation were generally high, indicating that 
only a few of the properties are sufficient to charac- 
terize the stress-strain curve of a wool fiber. Along 
with diameter, Young’s modulus is the most sig- 
nificant of the mechanical properties. 

The dependency of the mechanical properties on 
diameter was found to differ markedly among wools 
of the several breeds. The crimpy Rambouillet and 
Suffolk wools exhibited, in general, a negative 
dependency of mechanical properties on diameter, 
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whereas the low-crimp Lincoln and Navajo wools 
showed a positive diameter dependency. These ef- 
fects were most pronounced in the region of low 
extension, to the yield point, but were still evident 
and significant at 30% extension. Variations in 
diameter dependency were also found among the 
wools produced by the individual animals within the 
specific breeds. These differences appeared to re- 
flect variation in crimp. 

Further evidence of the significance of crimp has 
come from the analysis of properties of fibers selected 
for crimp, high to low, from one of the Suffolk wool 
samples. It was found that the presence of a high 
crimp in the fiber resulted in a negative diameter 
dependency of mechanical properties, together with 
lower stress to elongate over the entire range to 30% 
elongation. On the other hand, the selected low- 
crimp Suffolk fibers exhibited positive to zero diame- 
ter dependency, with higher stress required to elon- 
gate over the entire range. 
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The Improvement of Luster of Cotton 


Part VIII: Selection within Commercial Varieties 
on the Basis of Fiber Properties* 


Lyman Fourt, Ruth M. Howorth, Marjorie B. Rutherford, 
and Pauline Streicher 


Harris Research Laboratories, Washington, D. C. 


Abstract 


The relations of luster and fiber properties have been studied in numerous specimens of a 


limited number of varieties, both as natural and as mercerized yarns. 


The differences of group 


averages for natural yarns of several Upland varieties appear due to yarn structure factors, 


but the high luster of American-Egyption cotton must be due to other factors. 


The gain in 


luster on mercerization tends to be greater, the greater the original luster, both between and 


within variety groups. 
With 


one variety, Deltapine 15, the trend of the luster of mercerized yarn is to increase 


with ‘nc:ease of the fiber properties of length, wt./in., and maturity, or combinations of these. 


Fiber strength has no consistent relation to luster within this group. 


Length shows the same 


between and within group relations, but wt./in. shows the opposite relations between groups, 


and maturity shows no trend between groups. 


Fiber properties or combinations can be used to select for better than average luster in the 


longer cottons, but there is still considerable range and overlapping. 


The improvement possi- 


ble by selection within a group is small compared with either mercerization or use of American- 
Egyption instead of Upland cotton, but suggests the worth of continued studies in this direction. 


Introduction 


The results of measurements of luster on a wide 
range of varieties [6] have shown that the range of 


* A report of work done under contract with the U. S. 
Department of Agriculture and authorized by the Research 
and Marketing Act of 1946. The contract is being super- 
vised by the Southern Regional Research Laboratory of the 
Bureau of Agricultural and Industrial Chemistry. 

Parts I-VII appeared in the July, 1951, Jan., 1953, and the 
Jan., Feb., and Mar., 1954, issues of TexTILE RESEARCH 
JouRNAL, respectively. 


luster iri Upland cottons is almost as great as the im- 
provement which can be obtained by plying. If a 
method of selection, based on fiber properties, could 
be developed, spinners desiring the highest luster 
could select the most suitable raw cotton to take ad- 
vantage of this range. 

To study this possibility, the Cotton Branch, Pro- 
duction and Marketing Administration, U.S.D.A., 
made available yarns from the 1952 crop, as grown 
by selected cotton improvement groups [2]. The 
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cotton covered by this program represents a large 
part of the commercial crop and gives many individ- 
ual specimens of a few major varieties. This differs 
from the earlier work [6] done with the annual 
varietal and environment studies of the Bureau of 
Plant Industry, U.S.D.A., [1] in which the number 
of representatives of a single variety was often one 
and seldom more than three. 

In the present series, one variety, Deltapine 15, is 
represented by 96 specimens. After taking out some 
specimens which were treated with variation of pro- 
cedure, 72 specimens are available for statistical study 
of the effect of fiber properties within a single variety. 
Smaller numbers of specimens of other varieties were 
also included, selected to cover as wide a range as 
possible, from coarse short cottons like Hibred and 
Rowden to very long, very fine cottons represented 
by Pima 32. 


Methods 


The methods of optical examination for luster have 
been described [7]. Luster is measured in terms of 
contrast ratio, which may be regarded as a measure 
of the tendency to concentrate light in the direction 
of mirrorlike reflection, in comparison with the tend- 
ency to scatter light in other directions. 

Handling a large number of specimens, for optical 


examination both as natural yarns and after mer- 
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cerizing, called for modifications of method. Stain- 
less steel frames were made by spotwelding short 
sections of molding, as shown in Figure !. Kiering 
and mercerizing were carried out on these frames 
without removing the yarn. The design holds the 
yarn away from contact with metal except at the 
ends, and thus permits access of reagents. Duplicate 
frames were used for each individual yarn, and op- 
tical measurements were made on each side of each 
frame. The frames were wound with enough yarn 
on each side to eliminate effects of thickness [4]. 
For 22’s, this was 8 layers on each side at 72 threads 
per inch; for 50’s, 8 layers of 112 threads per inch. 

Mercerizing was carried out with 22% sodium hy- 
droxide using a mercerizing wetting agent and 5-min. 
exposure to caustic to assure thorough mercerization. 
The yarn on the frames was rinsed, neutralized with 
1% sulfuric acid, and rinsed again for 4 hrs. or more 
in filtered running tap water, with a final rinse in 
distilled water. 

At the start, some Deltapine yarns were mercerized 
without kiering. However, the yarns contain a fairly 
large amount of impurities, which spread in dark 
colored blotches as a result of mercerizing. Kiering 
lightened the color of the yarns and reduced the tend- 
ency to show dark blotches. All of the other varie- 
ties, and 72 Deltapine yarns, were kiered and mer- 
cerized in a uniform manner. 


Fic. 1. Frames used for observing 
optical properties, and for kiering and 
mercerizing. The basic frame is made 
of 4 pieces of molding, each 2} in. long, 
spot welded together with the curved 
sides to the outside, two to the front, 
and two to the back. Two shorter pieces 
of molding are added on the front, to 
provide curved supports on each side 
which hold the yarn away from the 
frames. 
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Results 
Tests of Method 


Effect of frames.—Since the yarns were not re- 
moved from the frames, there was no opportunity 
for cleaning by mechanical action, and there was a 
tendency for the yarn to be slightly slack after mer- 
cerization. This slackness was not expected, in view 
of the tension developed during mercerization, but 
may be the result of swelling in diameter while in 
caustic, with later shrinkage in drying. However, 
in spite of the slight slackness, the parallelism of the 
yarns was well maintained in the central area of the 
winding, on which the optical measurements were 
made. 

As a check, nine yarns were removed from the 
stainless steel frames, washed and dried as a skein, 
and rewound. The results for average contrast ratio 
were: original, mercerized, on frames—2.08, washed 
and rewound—2.10. This indicates that the system 
of handling the yarn on frames gives nearly the same 
results as would have been obtained by rewinding. 

Effectiveness of mercerisation.— As another 
check, the barium number [3] was determined for the 
yarns mercerized on frames. An average value of 
147, range 140 to 157, was found, which together 
with the increase in luster on mercerization indicates 
a high degree of effectiveness of mercerization. 


Correlation of Luster in Natural and Mercerised 


Yarns 


This material gives a further test of the extent to 
which luster after mercerization is correlated with 
the luster of the natural yarns. Figure 2 shows that, 
for the whole broad range of varieties, there is a gen- 





T ABLE I. 





Carding 
rate 


(Ibs./hr.) 


124 
12} 
125 
94 
93 
93 
9% 


6} 
34 


Yarn 
No. 
22’s 
22’s 
22’s 
50’s 
50’s 
50’s 
50’s 


Variety 
Hibred 
Rowden 
Rowden T.P.S.A. 
Acala 4-42 
Deltapine Fox 
Deltapine T.P.S.A. 
Deltapine 15 


50’s 
50’st 


Mesilla Valley 
Pima 32 
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eral tendency for the cottons which were higher in 
luster as natural yarns to gain even more on mer- 
cerization. The indicate individual yarns, 
and show that within each variety group, there is a 
rather large scatter about the general trend. 

_A more sensitive test than that observed in Figure 


points 


2 is obtained by dividing the whole group of 72 
Deltapine specimens into thirds, in rank according to 
luster of natural yarn. The corresponding average 
lusters for the mercerized yarns are: for the 
third, 1.79; middle, 1.83; upper, 1.85. This progres- 


sion shows that there is a trend within the Deltapine 


lower 
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Fic. 2. Relation of gain in luster on mercerization 
to the original luster of the natural yarn, for three va- 
rieties. Luster is expressed in units of contrast ratio. 


1952 P. M. A. Venue * 


No. 
of 
speci- 
mens 

6 
12 
3 
21 
6 
12 
96 
72 
3 
1 5 


Tensile 
strength 
(1,000 
Ibs. /in.*) 
87 
92 
86 
92 
86 
80 
83 
84 
97 
106 


U.H.M. 
length 
(in.) 
0.78 


Mature 
fibers 
(%) 
81 
81 
79 
82 
86 
82 
84 
84 
83 
80 


Wt. /in. 
(ug.) 
4.6 
4.4 


wu & sw he 


Sida aladetae 
.—) 


~ 


* These data are ee ini tables 5, 6, el: : of the P.M.A. summary “S the 1952 crop. 


+ Pima was combed; all others were carded. 
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TABLE II. Group AveRAGES OF LUSTER MEASUREMENTS ON P.M.A. YARNS oF 1952 





Adjustment for 
effect of 


No. Average 


Luster (contrast ratio) 





Natural 


: : Adjusted — 








of twist 

speci- multiplier 

Variety mens __ estimate* 
Hibred 6 4.70 
Rowden 12 4.25 
Rowden T.P.S.A. 3 4.20 
Acala 4-42 21 3.90 
Deltapine Fox 6 3.95 
Deltapine T.P.S.A. 12 4.05 
Deltapine 15 72 4.05 
Mesilla Valley ; 3.75 
Pima 32 1 3.40 


Twist 
+0.039 
+0.012 
+0.009 
— 0.009 
— 0.006 

0.000 
0.000 
—0.018 
— 0.039 


fineness 
or combing 


Yarn Adjusted for combing, 
for combing _ fineness, 


Measured and fineness and twist§ 


1.38 1.45 1.53 
1.38 1.44t 1.45 
1.38 1.44f 1.45 
1.46 1.45 
1.47 1.46 
1.44 1.44 
1.46 1.46 
1.48 1.46 
1.64 1.58 


Mercerized 
measured 


1.60 
1.62 
1.60 
1.91 
1.89 
1.81 
1.82 
1.97 
2.27 


+.056f 
+ .056t 
+ .056t 


1.62t 


* Based on P.M.A. table of standard twist multipliers. For Pima, the twist multiplier is extrapolated from the P.M.A. 


tabulation. 
t Corrected for difference of yarn fineness. 
t Corrected for effect of combing. 


group. 


cluster, even though the range within each third is 
large and overlaps extensively with the others. 


Processing and Yarn Structure Factors in Natural 

Yarns 

Table I shows the groups, the spinning specifica- 
tions, and the average fiber properties, as published 
by the Cotton Branch, P.M.A., in the summary for 
the 1952 crop [2]. Table II shows the group aver- 
ages for luster measurements and some calculations 
to indicate the effects of factors, which have been 
studied separately in earlier work [5], in their influ- 
ence on luster of natural yarns. 

Effects of carding rate, yarn fineness, and combing. 
—These earlier studies indicated that the carding rate 
has little if any effect on luster, so it can be disre- 
garded in this study. The same studies indicated 
that if one variety of cotton were spun into yarns of 
different fineness, there was a tendency for the finer 
yarns to appear more lustrous. Between 10’s and 
60’s the increase in luster for natural yarns averaged 
0.10 unit of contrast ratio, and appeared approxi- 
mately linear. On this basis, the Hibred and Rowden 
groups should have 0.056 or, rounded, .06 unit of con- 
trast ratio added in order to make them comparable 
on a fiber basis with the 50’s yarns. Likewise, comb- 
ing has an effect on luster, though smaller. The 
average effect of combing, in natural yarn, is to in- 
crease the luster by 0.022 unit of contrast ratio. 

Table II shows the effects of these corrections. 
The unrounded corrections were applied to the un- 


. 


§ Twist correction: 0.06 unit of contrast ratio for each unit of twist multiplier. All adjusted to the average of the largest 


rounded averages, and the final or corrected result 
then rounded to two decimals. The chief effect is 
to bring the short staple Upland varieties very close 
to the longer Acala 4-42 and Deltapine 15 averages 
for luster. It should be recalled that this is on a fiber 
basis, that the yarns “as is” do show a difference of 
luster. 

Effect of twist—Another possible correction which 
can be made on the basis of earlier work, [5] is that 
for twist, which is, roundly, 0.06 unit of contrast 
ratio for each unit of twist multiplier. The luster of 
the group averages for natural yarn is shown in Table 
II after all three adjustments. The twist estimate 
is based on the P.M.A. standard twist table for the 
indicated average U.H.M. length. 

The correction for twist still further improves the 
position of Rowden and Hibred, on a fiber basis, rela- 
tive to Deltapine. 

The general effect of these corrections is to em- 
phasize the similarity of the Upland varieties, and to 
attribute the differences in the group averages for 
actual yarns to factors arising from processing and 
yarn geometry rather than directly from fiber prop- 
erties. The only varieties “out of line” after adjust- 
ment are Hibred at one end and Pima 32 at the other. 
No special explanation is apparent for the Hibred, 
although it may be noted that the number of speci- 
mens is only six. For the Pima 32 there are of 
course both large genetic differences and significant 
differences in fiber properties. 
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TABLE III. Variety AVERAGES BY SEASONS 





Luster: contrast ratio 
Mercerized 


2.19 
2.27 


Cotton variety Season Natural 


Pima 32 early 1.63 
15 Specimens mid 1.66 


5 Locations late 1.64 2.32 


Acala 4-42 early ; 
21 Specimens mid 1.45 
7 Locations late 1.47 


Deltapine 15 early 
72 Specimens mid 
24 Locations late 


Rowden and 
Rowden T.P.S.A. early 
15 Specimens mid 
5 Locations late 


However, in spite of the general level of equality 
of averages for natural yarns of the Upland varieties, 
most of the yarn geometry properties are, in the prac- 
tical course of spinning, determined by fiber length, 
which brings out the well-known position of staple 
length as the “king” of the fiber properties. 

While the basic similarity of the Upland varieties 
is brought out by the corrections, the large difference 
between American-Egyptian types and Upland types 
remains. If the absolute maximum of luster is de- 
sired, it seems desirable to start with the premium 
long staple, fine, round cotton. 


Special Characteristics of American Egyptian Cotton 


Since the group averages in the Upland cottons 
appear to be so well accounted for in terms of process- 
ing and yarn structure factors, it is of interest to see 
if the differences between Pima 32 cotton and Upland 
cottons show the same connection with fiber proper- 
ties as did the differences between American-Egyptian 
and Upland cottons in the earlier work [6]. As 
shown in Tables I and II, the connection with length 
is, of course, similar. The strength of the Pima is 
also unusually high. Instead of specific surface and 
immaturity value, the present series reports wt./in. 
and percent of mature fibers. The Pima 32 is not 
unusual in maturity, but is fine—that is, low in wt. 
in.—in agreément with the high specific surface and 
low immaturity value of the American-Egyptian 
group: Thus the general between-groups relations 
established for crops of two years appear to be con- 
firmed by a third year. 


Tensile 
strength 
(1,000 
Ibs. /in.*) 
108.0 


108.0 
103.4 


Length 
U.H.M. Wt./in. 
(ug) 
2.80 
2.68 
2.68 


Maturity 
(%) 
81.4 
82.6 
77.4 


4.29 81.7 92.4 
4.40 81.0 92.4 
4.21 82.0 90.1 


4.54 
4.56 
4.37 


84.0 
85.5 
82.5 


85.4 
83.9 
81.6 


4.48 
4.28 
4.22 


81.0 
81.4 
80.4 


91.6 
91.3 
89.0 


TABLE IV. Comparison oF “BETWEEN GROUPS” AND 
“Within Groups” RELATIONS OF FIBER PROPERTIES 
AND LUSTER OF MERCERIZED YARNS 
Within 
single 
variety 
groups 


Fiber 
property 
Length 
Wt./in. 


Between widely 

different groups 
upward* 
Pima-Deltapine 
downward trend 
no trend 
Pima-Deltapine 
large upward trend* 
Rowden-Deltapine 
downward trend 


upward* 
upward* 


Maturity 
Strength 


upward* 
no trend 


* Upward trends are those which increase together. 


Combination of Factors for Stronger Trends 

Season averages.—The averages for early, middle, 
and late seasons, by varieties, are shown in Table III. 
No clear cut connections between differences of luster 
and differences of fiber properties with season are 
apparent ; therefore, for further analysis all three sea- 
sons have been considered together. 

Individual lots within a variety—Figure 2 shows 
that the spread of luster within a variety is roughly 
0.10 unit of contrast ratio for natural yarn. Figure 
3, which compares luster of mercerized yarn with 
fiber length, shows that the range in luster after mer- 
cerizing amounts to 0.30 unit for either Pima or 
Deltapine. Differences as small as 0.05 or less in 
contrast ratios of yarns should be recognizable, so 
methods of selection based on fiber properties which 
could separate these differences within a variety 
would be of value. 
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Since the range of contrast ratio is greater in the 
mercerized yarns, and since these are of greater prac- 
tical interest, charts connecting properties and luster 
are shown only after mercerization. Similar results 


on a smaller range of luster are shown, however, by 


CONTRAST RATIO 


DELTAPINE 


LUSTER: 


LOO 120 140 160 
LENGTH 
Fic. 3. Relation of luster of mercerized yarn to fiber 
length, for three varieties. In the Deltapine group, open 
circles represent early season, circles with horizontal 
lines represent mid season, and circles with cross lines 
represent late season. 


DELTAPINE 


LUSTER: CONTRAST RATIO 


ROWDEN 


65 70 75 80 85 90 
MATURITY, % 
Fic. 5. Relation of luster of mercerized yarn to per- 
cent of mature fibers, for three varieties. Three seasons 
of picking are shown in the Deltapine group. 
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the natural yarns, as would be expected from the 
strong relation between gain in luster after merceriza- 
tion and original luster. 

For the purpose of showing correlations for in- 
dividual lots, the 72 specimens of Deltapine are the 
best statistical material. These, and the Pima 32 and 
the Rowden lots, which represent the extremes, are 


CONTRAST RATIO 


DELTAPINE 


LUSTER: 


28 36 4.4 52 
WEIGHT / INCH 
Fic. 4. Relation of luster of mercerized yarn to fiber 
weight, in pg./in., for three varieties. Three seasons 
of picking are shown in the Deltapine group. 
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DELTAPINE 


LUSTER: CONTRAST RATIO 
® 
So 


80 90 100 no 
STRENGTH 
Fic. 6. Relation of luster of mercerized yarn to fiber 
strength, in 1,000 lbs./in2, for three varieties. Three 
seasons of picking are shown in the Deltapine group. 
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shown in Figure 3 for length, Figure 4 for wt./in. 
Figure 5 for maturity, and Figure 6 for tensile 
strength. 

From Figures 3 through 6, and the similar charts 
presented in earlier studies [6], it can be seen that 
the relations within groups are sometimes different 
from those between groups. This comparison is 
summarized in Table IV. Oddly, strength, which ap- 
peared quite strongly correlated with luster between 
groups, especially for Upland and American-Egyp- 
tian, has the least apparent influence within a group. 
The other properties of length, wt./in., and maturity 
each indicate an empirical positive correlation with 
luster within the large group of Deltapine specimens 
and, to a lesser extent, within the smaller group of 
Pima 32. Trends within the Rowden group, with 
which the Rowden T.P.S.A. has been included, are 
more difficult to see. The other groups with 12 or 
more representatives, Acala 442, and Deltapine T.P. 
S.A., will be discussed later, in comparison with the 
trends within the Deltapine 15 group. 

Combinations of fiber properties—While trends 
can be recognized for three properties, no one of these 
is so strong as to be a very satisfying basis for selec- 


tion. Trials have been made to see if the selection 


LUSTER: CONTRAST RATIO 
- nm 
8 8 


1.8 Lg 2.0 2.1 2.2 
LENGTH AND WT./IN. 

Fic. 7. Relation between luster of mercerized yarn, 
and the combined properties of fiber length and fiber 
weight per inch, for two varieties. For each property, 
the ratio of each observation to the average for the va- 
riety has been added to the similar ratio for the other 
property. Specimens which are average in both fiber 
properties thus fall at 2.0 on the horizontal scale for 
either variety. The Deltapine group shows a more 
definite trend of: relation than the Pima. The three 
seasons of picking, shown in the Deltapine, were all 
averaged together. 
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can be improved by basing it on combinations of 
properties. If combinations of certain properties im- 
prove the selection, one can conclude that those prop- 
erties contribute independently and directly to luster. 

A simple method of combining properties is in 
All the fiber 


properties have been “normalized” with respect to 


terms of the variation from the average. 


the average for the group by dividing the individual 
observation by the group average. Above average 
values give ratios above 1.00; below average, less 


than 1.00. 


gether, since all the properties which do show trends 


These normalized ratios can be added to- 


tend to correlate increased luster with increased value 
of the property. 

An example of the results of such operations is 
shown in Figure 7, for the combination of length and , 
wt./in., in mercerized Deltapine yarns. The results 
of the same sort of combination of length and wt./in. 
for the Pima yarns is also shown, based on the aver- 
A sum of 2.00 indicates 
that the specimen was either exactly average in both 


ages for the Pima group. 


characteristics, or that the differences cancelled ; sums 
above 2.00 indicate that both properties were above 
average, or that one outweighed deficiencies in the 
other. 

In order to determine in an objective way whether 
such combinations lead to any improvement in selec- 
tion, the whole group of 72 Deltapine specimens was 
divided into lower, middle, and upper thirds with 
respect to the property or combination in question. 
The average contrast ratio was determined for each 
third, as shown in Table V. Improvement can be 
judged in terms of increased spread between lower 


and upper thirds. On this basis, the combination of 


length and wt./in. is one of the most advantageous. 
Nevertheless, Table V shows that selection for two 
or more characteristics at once shows relatively small 


gain over selection for either length, wt./in., or ma- 
turity alone. However, it is also possible to select 
first for one characteristic and then select further in 
terms of another. 

Table VI shows, as an example, this successive 
selection applied to length and wt./in. Each fiber 
property, and also the combination of the two, has 
been used to select the upper third. This upper third 
has in its turn been divided into three parts, each a 
ninth of the whole. The first two sets of selections, 
marked A, show the effect of selecting first by one, 
then reselecting by the other property. There is a 


gain, though small. The second two sets of selec- 





TABLE V. 
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SELECTIONS INTO THIRDS: 


DELTAPINE 15, 72 SPECIMENS. 


TREND OF AVERAGES OF LUSTER, FOR Low, MIDDLE, AND HIGH THIRDS 
OF THE GROUP, WITH REGARD TO THE VARIOUS 
FIBER PROPERTIES AND COMBINATIONS 





Average luster 


Fiber properties 
Luster of natural yarns in relation to 
Length 


Strength 
Length and strength 


Wt. /in. 
Maturity 
Wt./in. and maturity 


All four 


Length, wt./in., and maturity 
Length, wt./in. 
Length, maturity 


Luster of mercerized yarns in relation to 


Length 
Strength 
Length and strength 


1.786 
1.832 
1.798 


Wt./in. 
Maturity 
Wt./in. and maturity 


1.789 
1.817 
1.796 
All four 1.792 
1.788 
1.788 
1.790 


Length, wt./in., and maturity 
Length, wt./in. 
Length, maturity 


Difference 
of averages, 
lower and 


Middle upper thirds 


1.470 
1.462 
1.455 


.020 
.004 
.008 


1.462 
1.457 
1.460 


.016 
027 
019 
1.463 018 
1.459 
1.463 
1.457 


.016 
014 
.022 


1.842 
1.813 
1.832 


1.845 
1.828 .004 
1.842 044 


1.837 
1.812 
1.835 


1.847 
1.843 
1.842 


048 
.026 
.046 
1.832 1.849 057 
1.835 
1.833 
1.831 


1.850 
1.852 
1.852 


062 
.064 
062 





tions, marked B, show, for comparison, the effect of 
carrying the selection further with the same individ- 
ual property In this example, at least, further selec- 
tion for length leads to no gain, though selection by 
wt./in. does gain. Finally, the last set of selections, 
marked C, shows that carrying the selection further 
in both properties combined also shows a gain and 
may be the most advantageous procedure 


Discussion 


The apparent connection between luster and either 
wt./in. or maturity is stronger than would have been 
expected from earlier work using specific surface [6] 
or from studies of cottons differing in fineness, ma- 
turity, and other factors as well [5]. However, both 
of these factors could, on grounds of fiber geometry, 
be expected to contribute to luster, especially in mer- 
cerized yarns, since they are both indications of wall 





thickness. The swelling produced by mercerization 
can be expected to produce rounder, smoother fibers 
if the wall thickness is greater. 

It should be noted that these wall thickness prop- 
erties are positively correlated with luster only within 
a uniform genetic group. Between groups the rela- 
tions are disturbed and are even reversed for wt./in. 

The question of whether the same connections be- 
tween luster and fiber properties that are seen with 
the Deltapine hold for other varieties of cotton can- 
not be completely answered with the material at hand. 
Table VII shows the effect of selecting by thirds in 
the varieties represented by 12 or more specimens. 
One of these, Deltapine T.P.S.A., is the same as 
Deltapine except for increase and distribution of the 
seed by the Texas Planting Seed Association. 

Table VII presents only the results for mercerized 
yarns. The corresponding results for natural yarns 
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TABLE VI. 


SELECTIONS WITHIN THE UppreR THIRD, ON LENGTH, WT./IN., AND BOTH. 


DELTAPINE 15 CoTTON, FROM 72 SPECIMENS 


‘ : Ninth in 
Basis for selection upper 


Upper third Ninths third 


A. Length wt./in. low 
mid 
high 

. Wt./in. length low 
mid 
high 

. Length length low 

mid 
high 

. Wt./in. low 

mid 
high 

. Length & 

Wt./in. 


length & low 
wt./in. mid 
high 


Natural 


Difference of 
averages, for 
mercerized 
7th to 9th 
ninth 


Average luster 
Mercerized 
1.849 


1.830 
1.856 


Notes 
1.459 
1.454 
1.488 


small 
gain 


1.458 
1.465 
1.483 


1.839 
1.850 
1.852 


small 
gain 


1.464 
1.470 
1.466 


1.849 
1.840 no 
1.846 gain 


1.459 
1.484 
1.463 


1.817 
1.854 
1.870 gain 
1.449 
1.474 
1.479 


1.829 
1.849 
1.878 


gain 








TABLE VII. 





SELECTIONS INTO THIRDS, FOR A RANGE OF VARIETIES. 


TREND OF LUSTER OF MERCERIZED YARN 





No. of 


specimens 
Pima 32 15 


Fiber 
property 
length 
wt./in. 
maturity 
strength 


Variety 


Acala 4-42 length 
wt./in. 
maturity 
strength 
Deltapine T.P.S.A. length 
wt./in. 
maturity 
strength 


Rowden and 


length 
Rowden T.P.S.A. 


wt./in. 
maturity 
strength 











Difference 
Average luster lower to 


Middle upper 


2.27 2.29 .06 
2.27 , 07 
2.27 : 04 
2.21 — .04 


Lower 


2.23 
2.22 
2.24 
2.31 


Upper 


04 
05 
07 
03 


—.02 
05 
07 
-04 


—.01 
O1 
—.01 
02 





show only small differences, mostly .01 and .02, be- 
tween low and high thirds. 

In the mercerized yarns, the Pima and Acala groups 
show the same kind of relations as the larger Delta- 


pine group. The Deltapine T.P.S.A. seems to show 
a difference with respect to the relation to length, but 
is otherwise similar. In the absence of any good 


cause for this difference it can best be ascribed to sta- 
tistical happenstance. The Rowden group shows 
practically no trend with any factor examined. How- 
ever, it is not a cotton which would be selected for 
luster in any event, so there is no practical gain in 
attempting to select for luster within this group. It 
has been of interest to look for the possibility of rela- 
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tions of luster to fiber properties in Rowden, however, 
to see whether the relations are general and uniform 
for all types of cotton, or, as has proven to be the case, 
are limited to the longer cottons. 


Conclusion 


The possibility of improving the luster of cotton 
textiles by selecting the raw cotton on the basis of 
fiber properties has been demonstrated by selecting 
low, middle, and high thirds of each of several varie- 
ties, on the basis of length, wt./in., maturity, or com- 
binations of these properties. The average luster 
shows improvement between the low and high thirds, 
but the range in each third is such that there is con- 
siderable overlapping. The best average gains with 
respect to the general average are on the order of 0.05 
unit of contrast ratio. While this is noticeable visu- 
ally, it is small compared with the gain from mer- 
cerizing or from buying premium American Egyp- 
tian cotton. Nevertheless, these methods may be of 
value to spinners who wish to get the most luster in 
the type of cotton which they are purchasing. 

The greatest value of these definite methods of 
selecting for luster on the basis of fiber properties 
may well be to encourage further studies by the De- 


partment of Agriculture, by which this type of selec- 


tion can be improved. In 1953, the basis of meas- 
uring maturity is being changed, making the meas- 
urement much more practical to carry out, and it may 
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well be that a combination of length, wt./in., and 
maturity will prove a good basis of selection. 
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